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AltTWACT  fCwnmm  n U K j 

Co}'  laser  induced  hot  electrons  in  n-InSb  have  been  studied  at  liquid  heliun 
temperatures  by  detemining  the  effect  of  the  laser  radiation  on  the  amplitude 
)/  ShubniXovsds  Haas  oscillations^  Phenomenological  values  for  the  electron 
:emp>erature  and  the  energy  relaxation  tlsie  of  the  electron  gas  are  determined 
lor  a sfunple  of  1.5  x 10^5  cin“3  concentration. 

^ A new  technique  for  investigating  hot  electron  oscillatory  magne tores is tance 
las  been  utilized  in  obtaining  funduMntal  information  coiicemlng  the  effects 
>f  CO2  laser  radiation  and  high  electric  fields  on  the  quantum  transoort  (Cont.l 


FOREWORD 


This  Annual  Summary  Report  by  David  G.  Seiler,  Department  of 
Physics,  North  Texas  State  University  covers  research  progress  for 
the  period  October  1,  1976  to  September  30,  1977. 
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SUMMARY 


Experiments  have  shown  that  COj  laser-induced  changes  in  the 
Shubnikov-de  Haas  (SdH)  effect  in  n-InSb  provide  a new  tool  for 
studying  the  properties  of  the  laser-induced  hot  electrons.  During 
the  time  the  sample  is  illuminated  the  SdH  eunplitudes  are  found 
to  decrease  with  increasing  laser  power  in  a manner  analogous  to 
the  effect  of  increasing  lattice  temperature.  Consequently,  these 
results  give  direct  evidence  for  a CO2  laser-induced  increase  in 
the  electron  energy  of  InSb  and  permit  the  extraction  of  electron 
temperatures.  A phenomenological  value  for  the  energy  relaxation 
time  can  also  be  derived  using  a simple  energy  balance  approach. 

Using  an  estimated  value  for  the  power  absorbed  per  electron,  energy 
relaxation  times  of  about  25  nsec  are  determined. 

A new  experimental  technique  was  conceived  and  subsequently 
discovered  to  improve  the  sensitivity  of  measuring  the  hot  electron 
magnetophonon  effect  in  InSb  under  application  of  high  electric 
fields.  This  technique  is  completely  adaptable  to  any  oscillatory 
magnetoresistance  measurement  and  has  thus  proven  extremely  valuable 
in  the  laser-induced  hot  electron  studies.  The  capabilities  of  this 
new  technique  were  investigated  by  studying  the  extremely  high  reso- 
lution data  obtainable  on  the  electric-field  induced  hot-electron 
magnetophonon  effect  in  n-lnSb.  Both  amplitudes  and  extremal  posi- 
tions as  a function  of  electric  fields  were  studied  in  the  transverse 
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and  longitudinal  configurations. 

Investigation  of  ohmic  (low  Electric  field)  magnetophonon 
structure  has  produced  several  new  results.  Magnetophonon  struc- 
ture has  been  observed  for  the  first  time  in  a degenerate  sample 

15  -3 

of  n-InSb  of  concentration  7.5  x 10  cm  at  77  K.  The  positions 

of  the  resistance  maxima  appear  at  higher  magnetic  fields  than 

14  -3 

those  found  in  pure  (ilO  cm  ) samples.  The  nonparabolicity 
of  the  InSb  conduction  band  has  been  sho%m  to  play  a role  even 
in  the  pure  samples.  In  the  higher  doped  samples,  there  is  an 
increasing  contribution  of  higher  order  transitions. 

In  summary,  much  progress  has  been  made  during  this  year 
as  documented  in  this  report. 
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IV.  EXPERIMENTAL  WORK 


I 

I 
i 

I A.  Lasers 

1 . cw  CO 

I The  continuous  wave  carbon  monoxide  laser  has  been  the  subject 

of  many  theoretical  and  experimental  studies.^  ^ Due  to  the  nature 

I of  the  pumping  mechanism  and  discharge  kinetics,  the  CO  laser  is 

• extremely  sensitive  to  impurities  such  as  O21  H2O,  H2»  and  hydro- 
carbons. To  eliminate  these  contaminants  from  the  laser  discharge 

» tube  and  provide  a high  purity  environment  for  the  laser  gas  mix- 

ture, a high  vacuum  system  has  been  constructed  as  shown  in  Figure 
1.  This  system  utilizes  an  oil  diffusion  pump  with  a liquid  nitrogen 
cold  trap  to  produce  a clean  vacuum.  An  ionization  gauge  is  incor- 
porated to  measure  the  high  vacuum  region.  Other  vacuum  gauges 
include  thermocouple  tubes  to  monitor  backing  and  roughing  pressures 
and  a Wallace  and  Tiernan  gauge  to  measure  the  laser  gas  fill  pres- 
sure. An  optic-dense  metallic  foreline  trap  is  used  on  the  roughing 
line  to  eliminate  backstreeuning  of  pump  oil  into  the  system. 

For  successful  high  power  operation  the  temperature  of  the  gas 
must  be  lowered.  To  achieve  this  a recirculating  alcohol  cooling 
system  has  been  built.  As  shown  in  Figure  2,  this  cooling  system 

i uses  a closed  cycle  in  which  ethyl  alcohol  is  passed  through  a 

heat  transfer  coil  immersed  in  an  alcohol  bath  contained  within  an 

• insulated  tank.  This  alcohol  bath  is  cooled  by  dry  ice  or  liquid 
nitrogen.  Stable  operation  using  dry  ice  has  been  achieved  at  -68“C 
(205K) . The  temperature  of  the  recirculating  alcohol  and  the  alcohol 
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THERMOCOUPLE  GAUGE  TUBE 


Figure  1.  CO  LASER  VACUUM  SYSTEM 


Figure  2.  CO  LASER  COOLING  SYSTEM 
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bath  is  monitored  at  several  points  by  copper-constantan  thermo- 
couples using  a liquid  nitrogen  reference  junction  and  a digital 
mil livoltmeter  readout. 

The  laser  tube  itself  consists  of  a triple  wall  pyrex  struc- 
ture shown  in  Figure  3.  The  overall  length  of  the  tube  is  2 cm 
with  a maximum  outer  diameter  of  4.5  cm.  The  discharge  region  is 
a 1.1  cm  diameter  tube  surrounded  by  a coaxial  coolant  jacket.  To 
mimimize  thermal  losses  and  obtain  a uniform  temperature  the  majority 
of  the  tube  is  surrounded  by  a sealed  vacuum  jacket.  The  ends  of 
the  tube  are  cut  at  the  Brewster  angle  and  epoxy  sealed  CaF2  windows 
are  attached.  A hollow  self  heated  platinum  cathode  is  employed, 
separated  from  the  anode  by  180  cm. 

This  laser  tube  is  housed  within  a 220  cm  long  resonant  cavity 
stabilized  by  three  1.125  inch  diameter  invar  rods.  Rod  and  tube 
supports  along  the  cavity  are  constructed  from  aluminum  while  the 
endplates  supporting  the  cavity  are  fabricated  from  stainless  steel 
to  minimize  thermal  expansion  effects.  The  cavity  optics  consist  of 
one  inch  diameter  plano-concave  output  couplers  of  70,  85,  and  94% 
reflectivities  at  5.4  ym  with  a radius  of  curvature  of  7.5  m together 
with  either  a 100%  reflecting  flat  dielectric  coated  copper  mirror  or 
a flat  grating  blazed  for  5.4  ym.  The  output  mirrors  and  total  reflec 
tor  are  held  in  micrometer  driven  high  resolution  optical  mounts. 

The  grating  is  contained  in  a mount  with  a micrometer  drive  to  pro- 
vide rotation  for  wavelength  selection.  Adjustable  irises  are  em- 

1 

ployed  on  each  end  of  the  cavity  for  mode  restriction. 

The  laser  gas  is  a mixture  of  6.06%,  6.28%  N2 , 6.30%  Xe  and  j 

the  balance  is  He.  A stainless  steel  Linde  Ultra  Pure  regulator 


Figure  3.  CARBON  MONOXIDE  LASER  TUBE 
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is  used  to  avoid  contamination  of  the  gas.  Typical  fill  pressures 
range  from  10  to  18  torr.  The  gas  mixture  is  excited  in  a dc  glow 
discharge  maintained  by  a current  regulated  power  supply  furnishing 
up  to  30  mA  at  30  kV  with  a stability  of  .1%.^  Discharge  current 
is  typically  10-12  mA. 

Multiline  multimode  peak  powers  of  15.5 W have  been  obtained 
in  a 16  torr  discharge  of  11  mA  at  -68®C.  This  power  output  is 
comparable  to  the  results  of  Freed®  who  obtained  a maximum  power 
of  17.5  W in  a sealed  discharge  at  the  same  temperature  and  pres- 
sure. Single  line  multimode  powers  of  up  to  2.2  W have  been  achieved, 
with  typical  powers  of  1 to  1.5  W on  many  lines  between  5.3  and 
5.6  pm.  The  output  spectrum  for  a typical  run  is  given  in  Figure  4 
and  detailed  in  Table  I.  Only  those  lines  of  sufficient  intensity 
( > .4  W)  to  be  detected  in  second  order  on  an  Optical  Engineering 
CO2  Spectrum  Analyzer  are  shown.  Many  other  lines  at  lower  power 
levels  have  been  observed.  The  spectrum  shown  was  obtained  using 
the  85%  output  coupler.  The  highest  powers  have  been  obtained  using  ’ 
this  mirror,  while  more  lines  are  observed  when  the  94%  reflective 
mirror  is  employed.  Short  term  (<1  sec)  stability  in  the  single  line 
mode  is  estimated  at  41.5%  from  preliminary  data.  These  output  para- 
meters are  comparable  to  commercially  available  units  such  as  the 
Molectron  IR250.® 


WAVELENGTH  IN  MICRONS 

Figure  4.  Observed  single-line  multimode  powers  of  CO  laser 
at  various  wavelengths.  Maximum  power  is  1.4  watts. 
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TABLE  I 

Output  Power  vs.  Wavelength  for  CO  Laser 


Power  relative  to 


Micrometer  reading 
in  cm 

Wavelength, 

pm 

Wavelength, 

cm"^ 

Transition 

maximum  of 

1.4  watts 

16.460 

5.284 

1892.3 

9-8  P(ll) 

.22 

16.592 

5.307 

1884.4 

9-8  P(13) 

.37 

16.66 

5.318 

1880.3 

9-8  P(14) 

.52 

16.725 

5.332 

1875.4 

10-9  P(9) 

.55  ^ 

16.788 

5.345 

1870.9 

10-9  P(10) 

.63 

] 

16.911 

5.365 

1864.0 

9-8  P(18) 

.81  j 

16.969 

5.377 

1859.8 

9-8  P(19) 

.89  j 

17.035 

5.389 

1855.6 

9-8  P(20) 

1.00 

17.103 

5.403 

1850.9 

10-9  P(15) 

.85 

17.170 

5.415 

1846.9 

10-9  P(16) 

.63 

17.237 

5.426 

1842.8 

10-9  P{17) 

.70  1 

17.365 

5.454 

1833.5 

11-10  P(13) 

.89  J 

17.561 

5.495 

1820.0 

12-11  P(10) 

.40  ' 

17.63 

5.507 

.1.815.8 

12-11  P(ll) 

.31  1 

17.70 

5.515 

1813.2 

11-10  P(18) 

1 

.50 

1 

17.77 

5.527 

1809.4 

11-10  P(19) 

.30  ! 

17.84 

5.539 

1805.3 

11-10  P(20) 

.26  . 

17.91 

5.552 

1801.1 

12-11  P(15) 

.31  ' 

II- 

II 
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2 . cw  CO2 

The  CO2  laser  system  is  sho%m  in  Fig.  5.  Several  improvements 
have  been  made  in  the  laser  system  during  the  last  year  as  pictured 
in  the  diagram  of  the  laser  and  accompanying  equipment.  Among  the 
improvements  made  is  the  installation  of  a cooling  system  with 
chilled  water.  Instead  of  75**?  tap  water,  we  are  now  using  a chilled 
water  supply  at  45®F.  Included  also  is  a bubble  trap  to  prevent  any 
air  bubbles  from  causing  circulation  problems  in  the  cooling  system. 
Built  into  the  water  inlet  and  outlet  are  thermocouples  to  allow 
indication  of  gas  temperature  changes  caused  by  changes  in  coolant 
temperature.  The  entire  vacuum  system  has  been  replaced.  Rubber 
hose  has  been  replaced  by  copper  tubing  wherever  possible.  Flow 
valves  with  linear  flow  patterns  have  been  used  to  precisely  control 
gas  pressure  and  gas  flow.  A 60  micron  filter  in  the  gas  line  pro- 
tects the  laser  tube  from  macroscopic  particles.  Six  feet  of  rubber 
hose  have  been  left  on  the  pumping  side  to  eliminate  a ground  con- 
nection from  the  plasma  back  to  the  pump.  A two  liter  surgechamber 
has  been  added  to  damp  out  any  gas  pressure  or  flow  variation  due 
to  the  fore  pump.  The  design  can  be  seen  in  reference  9.  A Marvac 
pump  provides  more  pumping  speed  than  was  previously  available.  That 
coupled  with  larger  flow  rates  in  the  valves,  has  extended  the  avail- 
able total  flow  rates  upward  for  more  power  output. 

Characterization  has  followed  three  phases t the  first  being 
power  as  a function  of  current  and  pressure;  next,  came  short  and 
long  term  stability  and  finally  line  selectibility . The  power  was 


TO  CHILLED  WATER 


COa  LASER  SYSTEM 
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measured  with  a Scien-Tech  Colorimeter  as  current  was  varied  from 
12  mA  to  28  mA  using  a constant  current  power  supply,  and  pressure 
was  varied  from  8 torr  to  30  torr  where  flow  rates  were  approximately 
1 liter/minute  to  2 liters/minute,  respectively.  The  gas  mixture 
used  was  15%  Nj,  10%  CO2,  75%  He.  The  maximum  multimode  power 
obtained  was  39.5  watts  with  a grating  end  reflector  at  26  torr  and 
27  mA. 

Stability  measurements  have  been  completed.  Short  term  sta- 
bility was  measured  by  a gold  doped  Ge  detector.  The  laser  takes 
from  30  minutes  to  1 hour  to  achieve  maximum  short  term  stability. 
Amplitude  stability  for  less  than  one  second  is  ±0.75%.  Stability 
for  30  seconds  is  -±1%  and  for  five  minutes  *±1.5%.  This  compares 
very  favorably  with  the  Molectron  Model  IR250  which  reports  stability 
for  less  than  one  second  of  ± 0 . 5% . After  an  hour  period,  the  laser 
has  achieved  stability  of  ±3%  over  5 hours  as  compared  to  ±3%  for 
4 hours  for  Molectron 'a  laser. 

The  last  measurement  is  the  line  selectibility  using  a Bausch 
& Lomb  grating  blazed  at  10.6  microns.  The  lines  were  viewed  using 
an  Optical  Engineering  CO2  Laser  Spectrum  Analyzer  while  a beaun 
splitter  was  used  to  take  power  readings  from  the  Scien-tech  Calorimeter. 
The  power  readings  are  for  a TEMooq  “Ode.  Wavelengths  were  observed 
from  9.192-10.885  microns.  Seventy  lines  are  visible  with  powers 
over  two  watts  compared  to  Molectron's  90  lines  over  one  watt.  Fifty- 
nine  lines  are  available  with  power  over  5 watts.  At  least  25  lines 
are  available  of  10  watts.  It  was  found  that  once  the  laser  was 
stable,  the  line  would  not  move  over  a period  of  several  hours.  The 
laser  can  be  left  overnight  and  turned  on  without  any  change  in 
wavelength. 
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B.  Development  of  a Magnetic  Field  Modulation 


Technique  for  the  Measurement  of  Oscillatory  Magnetoresistance 
Phenomena  Using  Short  Voltage  Pulses 

During  the  Fall  1976,  a major  experimental  breakthrough  was 
achieved  when  a new  experimental  technique  was  conceived  and  sub- 
sequently discovered  to  improve  the  signal-to-noise  ratio  in  hot 
electron  magnetophonon  studies  in  InSb  under  application  of  high 
electric  fields.  This  technique  is  completely  adaptable  to  the 
measurement  techniques  used  in  the  investigation  of  the  laser 
optical  biasing  of  the  quantum  transport  properties  of  semiconduc- 
tors. The  capabilities  of  this  technique  were  investigated  by 
studying  the  extremely  high  resolution  data  obtainable  on  the 
electric-field  induced  hot-electron  magnetophonon  effect  in  n-InSb. 

A talk  was  given  on  the  technique  at  the  March  1977  American 
Physical  Society  Meeting.  Currently,  this  technique  is  being  pro- 
cessed by  the  ONR  patent  lawyer  for  possible  patent  rights.  In 
addition,  the  technique  was  recently  published  in  the  Review  of 
Scientific  Instruments,  Vol.  48,  No.  8,  August,  1977,  pp.  1017-1020. 
A copy  of  this  paper  follows  below. 
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Magnetic  field  modulation  technique  for  the  study  of  hot 
carrier  oscillatory  magnetoresistance  phenomena* 

H Kahiarl*  and  D.  Q.  Seiler 

Drpartmeiti  of  Hiyticx  Sonh  Ttxas  Stott  Vitltmllf.  OraMn.  Ttxat  76303 
(Receavad  II  November  1976;  in  final  fonn.  tl  Pebniary  1977) 

A new  espcrimenul  technique  U reported  which  allowi  the  detection  of  the  oectUatory 
components  of  the  mafnetoresistance  of  semiconductors  subject  to  high  electric  fieldt,  where 
the  pulse  length  must  be  in  the  submicrosecond  region  in  order  to  avoid  lattice  heatmg.  It 
uses  a combination  of  sampling  and  magnetic  field  modulatioa  techniques.  Its  capability  of 
resolving  hot-electron  magnetophonon  structure  in  n-InSb  at  77  and  4.2  K for  up  to  Af  m I0 
Landau  level  spacinp  u demonstrated. 


I.  INTRODUCTION 

Expenmental  investigations  of  oscillatory  magnetoresist- 
ance  phenomena  under  hot-electron  conditions  have 
proven  to  be  a valuable  tool  for  studying  the  effects  of 
a high  electric  field  on  the  energy  distribution  of  elec- 
trons in  semiconductors.  The  electric  field  dependence 
of  the  Shubnikov-dc  Haas  (SdH)  efTect'~*  and  the 
magnetophonon  (MP)  effect*"'*  have  been  extensively 
studied  in  a number  of  semiconductors. 

Magnetophonon  oscillations  exhibit  a small  amplitude 
and  are  frequently  superimposed  on  a nonoscillatory 
magnetoresistance  background  which  varies  quite 
rapidly.  Thus,  an  accurate  determination  of  the  MP 
extremal  positions  and  amplitudes  is  difficult  even  in  the 
ohmic  case.  Several  different  experimental  methods 
have  been  employed  to  overcome  these  difficulties  in 
hot-electron  studies:  cancellation  techniques,*""  time- 
derivative  techniques,*-'*"'^  and  third-harmonic  genera- 
tion combined  with  graphical  evaluation.'*-'*  However, 
the  poor  signal-to-noise  ratio  involved  in  many  of  these 
experimental  approaches  tends  to  obscure  the  position 
and  amplitude  of  the  MP  extrema. 

The  application  of  ac  magnetic  field  modulation  and 
phase  sensitive  detection  techniques  has  been  demon- 
strated to  be  a very  sensitive  method  of  investigating 
both  the  SdH  effect'*-**  and  the  MP  effect*'"**  in  the 
ohmic  region  using  continuously  applied  small  electric 
fields  and  dc  currents.  The  sensitivity  of  these  tech- 
niques allowed  the  determination  of  small  shifts  in  the 
extremal  positions  of  these  magnetoresistance  os- 
cillations. 

The  purpose  of  this  paper  is  to  demonstrate  for  the  first 
time  that  the  magnetic  held  modulation  technique  can 
also  be  applied  to  pulsed  measurements  of  the  oscillatory 
magnetoresistance  in  semiconductors,  where  the  dura- 
tion of  the  electric  held  pulse  has  to  be  kept  in  the  sub- 
microsecond  region  in  order  to  prevent  lattice  heating. 
A comparison  with  data  obtained  by  conventional  time- 
derivative  techniques  shows  that  the  signal-to-noise 
ratio  is  considerably  improved,  allowing  an  unam- 
biguous interpretation  of  the  extremal  positions.  In 
addition,  data  have  been  gathered  in  lower  magnetic 


field  regions,  where  the  conventional  techniques  do  not 
permit  the  extraction  of  the  oscillatory  magnetoresist- 
ance because  of  a poor  signal-to-noise  ratio. 

II.  EXPERIMENTAL 

Figure  1 shows  a block  diagram  of  the  experimental 
apparatus  that  was  used  in  the  hot-electron  MP  measure- 
ment. In  principle,  it  could  be  used  for  a hot-electron 
SdH  measurement  without  any  alterations.  It  consists  of 
three  main  systems:  (I)  the  dc  magnet,  its  power  supply, 
and  a Hall  probe  for  monitoring  the  nugnetic  field 
strength,  (2)  the  ac  magnetic  field  modulation  and 
lock-in  amplifier  system,  and  (3)  the  pulse  generator, 
an  oscilloscope  for  measuring  the  voltage  across  two 
potential  probes  and  a sampling  oscilloscope  to  deter- 
mine the  current. 

The  dc  magnetic  fields  were  produced  by  a 30-cm 
Varian  electromagnet  which  was  field  regulated  and 
powered  by  a Varian  Fieldial  Mark  II  regulator  with 
a 10-kW  power  supply.  The  maximum  field  produced 
by  the  system  was  approximately  24  kG.  A Bell  Hall 
probe  powered  by  a highly  stable  current-regulated 
power  supply  provided  a voltage  that  drove  the  x-axis  of 
the  jc-y  recorder.  Magnetic  field  strengths  were  cali- 
brated by  NMR  techniques. 

The  ac  magnetic  field  was  produced  by  two  Helmholtz 
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Flo.  2 Schematic  time  dependence  of  the  macnetk  and  electric 
Mgnalii  appeanng  at  varioui  component!  of  the  apparatus. 

coils  connected  in  parallel  and  wound  on  Lucite  holders 
which  were  mounted  around  the  magnet  pole  pieces. 
A Wien  bridge  oscillator  provided  a highly  stable  43>Hz 
sinusoidal  signal  which  was  amplified  by  a 350-W 
McIntosh  power  amplifier.  A 29-^F  capacitor  was 
placed  in  series  with  the  coils  to  compensate  for  their 
inductive  reactance.  This  arrangement  was  capable  of 
producing  ac  fields  of  up  to  400  G peak  to  peak  even 
at  dc  fields  of  up  to  20  kG.  Due  to  saturation  in  the 
magnetization  of  the  magnet  pole  pieces  the  peak-to- 
peak  modulation  amplitude  decreases  as  the  magnetic 
field  increases.  However,  a modulation  field  regulator 
circuit**  was  used  to  keep  the  amplitude  of  the  ac  field 
constant.  A signal  proponional  to  was  induced  in  a 
pick  up  coil  located  between  the  pole  faces  of  the  mag- 
net The  induced  signal  was  used  by  the  modulation 
held  regulator  to  control  the  attenuation  of  the  signal 
from  the  audio  oscillator  to  the  power  amplifier  so  as  to 
keep  Bm  constant. 

The  stability  of  the  modulation  frequency  was  moni- 
tored with  a Hewlett-Packard  frequency  counter.  There 
are  several  vanables  to  consider  in  choosing  a modula- 
tion held  frequency;  (1)  clearly  one  does  not  want  a 
harmonic  or  subharmonic  of  60  Hz,  (2)  one  does  not  want 
a frequency  which  is  low  enough  that  the  Hall  probe 
voltage  produces  a detectable  ripple  on  the  x -y  recorder, 
(3)  the  magnitude  of  B^  depends  upon  the  modulation 
frequency,  (4)  the  frequency  should  be  much  less  than 
the  repetition  rate  of  the  pulse  generator,  and  (5)  the 
frequency  affects  the  type  of  preamp  used  for  optimum 


performance  of  the  lock-in  amplifier.  Consideration  of 
the  above  points  necessitates  a compromise.  A 43-!-i/ 
modulation  frequency  has  turned  out  to  be  quite  suitable. 

An  £■-//  Research  laboratory  pulse  generator  W2.s 
used  to  supply  voltage  pulses  of  up  to  .SO  V across  .M)  ft 
and  of  variable  pulse  lengths  and  repetition  rates  to  the 
sample  via  a miniature  coaxial  cable.  The  rise  time  of 
these  pulses  was  less  than  12  nsec.  The  load  of  the  co- 
axial line  consisted  of  a network  of  a 50-0  resistor  in 
parallel  with  a series  connection  of  the  sample  and  a 
50-0  current  monitoring  resistor.  Provided  that  the 
sample  resistance  exceeds  500  O,  this  network  es- 
tablishes constant  voltage  conditions  that  arc  inde- 
pendent of  the  value  of  the  sample  resistance,  which 
can  vary  with  increasing  magnetic  field.  Any  change  of 
the  sample  resistance  causes  a change  of  the  sample 
current  and,  consequently,  a change  in  the  voltage  drop 
across  the  50-0  series  resistor.  This  voltage  drop  is 
measured  using  a Tektronix  7904  mainframe  oscillo- 
scope equipped  with  a 7S14  sampling  unit.  Another 
oscilloscope  is  used  to  determine  the  voltage  drop  across 
two  potential  probes  soldered  on  the  sample.  The 
sampling  oscilloscope  in  the  manual  mode  is  set  to  a time 
position,  where  it  displays  a voltage  on  top  of  the  current 
pulse.  The  output  of  the  sampling  oscilloscope,  which 
then  is  proportional  to  the  current  through  the  sample, 
carries  a 43-Hz  modulation  if  the  sample  exhibits  a 
nonzero  magnetoresistance.  This  signal  is  then  fed  to  a 
type-A  preamplifier  of  a HR-8  PAR  lock-in  amplifier. 
For  a sufficient  signal-to-noise  ratio  the  repetition  rate 
of  the  pulses  must  be  at  least  approximately  300  Hz. 
Higher  repetition  rates,  however,  substantially  improve 
the  signal-to-noise  ratio  and  should  be  chosen,  whenever 
sample  heating  does  not  influence  the  data. 

A schematic  display  of  the  electric  and  magnetic  sig- 
nals as  a function  of  time  is  shown  in  Fig.  2 for  a pulse 
repetition  rate  exceeding  the  modulation  frequency  of 
the  magnetic  field  by  a factor  of  10.  The  uppermost 
trace  shows  the  modulation  magnetic  field  superimposed 
on  the  linearly  increasing  dc  magnetic  field.  The  height 
of  the  sample  voltage  pulses  shown  in  Fig.  2 does  not 
depend  on  the  magnetic  field  because  of  the  circuitry 
used.  The  sample  current  pulses,  monitored  by  the 
voltage  across  a 50-0  series  resistor,  are  modulated  as 


Fio.  ).  Firtl  and  lecond  derivative  of  the  current  / with  respect  to  the 
maanetic  Acid  B versus  A for  a sampte  of  n-lnSb  with  the  curreni 
density  J transverse  to  B.  (Pulse  length  > 75  nsec,  repetition  rate 
-3kHx.  C-  11,2  V/cm). 
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f-io.  4 l^ngiludinal  magnctophonon  cfTect  in  n-lnSh  at  4 2 K;  full 
line— preicnl  lechoK^uc  (A'  - 4.2  VVcm,  r - SO  naec).  dashed  line — 
data  from  Ref  14,  nme-denvalive  technique  (A  - O.U  V/cm. 
I ■ 200  nuec) 

ahown  in  Fig.  2 if  the  resistance  is  an  increasing  function 
of  magnetic  field.  The  output  of  the  sampling  oscillo- 
scope is  thus  modulated  and  carries  the  essential  in- 
formation about  the  dependence  of  the  resistance  on  the 
magnetic  field  along  with  noise.  The  lock-in  amplifier 
when  set  to  43-Hz  phase  sensitively  detects  the  43-Hz 
component  of  the  sampling  oscilloscope  output  signal 
and  demodulates  it  to  a dc  voltage.  If  a linear  rela- 
tionship exists  between  the  sample  resistance  and  the 
magnetic  held,  the  dc  output  of  the  lock-in  amplifier  will 
be  essentially  constant,  as  shown  in  the  bottom  part  of 
Fig.  2.  Any  nonlinearity  changes  the  amplitude  of  the  ac 
component  of  the  sampling  oscilloscope  output  and 
therefore  a first  derivative  of  the  magnetoresistance 
R{B)  curve  is  obtained.  By  setting  the  lock-in  amplifier 
to  the  second  harmonic  frequency  (86  Hz)  the  second 
derivative  of  the  magnetoresistance  is  attained. 

III.  RESULTS 

The  capability  of  the  method  described  in  the  previous 
section  was  proved  by  resolving  MP  structure  in  the 
transverse  and  longitudinal  magnetoresistance  of  n- 
InSb  at  77  and  4.2  K,  respectively.  The  n-InSb  sample 
had  a carrier  concentration  of  n » 1 x |0'‘  cm*’  and  a 
mobilityofbx  10‘cm’V'  ' sec*' at  77  K.  Figure  3 shows 
the  first  and  second  derivative  of  the  resistance  with 
respect  to  the  magnetic  field  for  the  transverse  con- 
hguration  B.  J at  77  K.  The  electric  field  pulses  had  a 
75-nsec  duration  at  a repetition  rate  of  3 kHz  and  a 
voltage  of  6.7  V corresponding  to  an  electric  field 
strength  of  1 1 .2  V/cm.  Careful  examination  of  the  second 
derivative  curve  reveals  that  even  the  N ■ 10  extremum 
at  ~ 3.6  kG  is  resolved.  Note  that  both  traces  are 
inverted  and  the  minima  of  are,  in  fact,  maxima 

corresponding  to  minima  in  the  current,  which  occur  at 
the  maxima  of  the  transverse  magnetoresistance.  We 
would  like  to  emphasize  that  the  method  applied  to 
the  transverse  MP  effect  is  especially  suited  to  detecting 


extrema  at  low  magnetic  fields,  since  the  nonoscillatory 
magnetoresistance  is  low  at  low  magnetic  fields.  Con- 
sequently, the  current  and  the  relative  change  in  the 
current  due  to  the  MP  cfTect  are  largest  at  these  fields. 
In  addition,  the  constant  voltage  conditions  allow  the 
assignment  of  a unique  value  of  electric  field  strength  to 
a full  trace  of  dl/dB  or  d*l/dB*  vs  B. 

The  dependence  of  d*l/dB‘  on  the  magnetic  field  for 
the  configuration  B||J  at  4.2  K is  shown  in  Fig.  4.  For 
comparison,  data  taken  from  Ref.  14,  which  were  ob- 
tained under  similar  conditions  by  a time-derivative 
method,  are  included 

IV.  DISCUSSION 

A combination  of  the  high  sensitivity  of  the  magnetic 
field  modulation  and  phase-sensitive  detection  technique 
with  fast  pulse  techniques  using  submicrosecond  pulse 
generation  and  sampling  methods  has  provided  high 
resolution  data  on  oscillatory  magnetoresistance  effects 
in  semiconductors  under  hot-electron  conditions.  The 
resolution  of  hot-electron  MP  extrema  at  77  K with 
BiJ.  which  was  possible  for  only  A'  • 1, 2, 3,  using  time- 
derivative  techniques. ’has  been  extended  up  to /V  « 10. 
The  signal-to-noise  ratio  of  the  longitudinal  MP  effect 
at  4.2  K has  been  significantly  improved.  This  advan- 
tage compared  to  conventional  techniques  is  mainly 
caused  by  introducing  the  signal  recovery  capabilities  of 
the  phase-sensitive  lock-in  amplifier  applied  to  the 
analog  output  of  a fast  sampling  oscilloscope. 

A disadvantage  of  this  method  may  be  the  lower  limit 
for  the  pulse  repetition  frequency,  which  is  in  the  range 
of  about  S-10  times  the  frequency  of  the  ac  magnetic 
field. 

Currently  discussed  topics  like  the  occurrence  of 
spin-flip  extrema  in  the  low-temperature  hot-electron 
MP  effect  in  n-InSb”  and  in  the  shift  of  the  transverse 
MP  extrema  in  n-InSb  with  applied  electric  field* 
should  be  reexamined  in  view  of  the  high  resolution 
potentially  obtainable  by  this  method. 
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V . EXPERIMENTAL  RESULTS 
A.  Magnetophonon  Studies 

Several  studies  have  been  done  on  the  magnetophonon  (MP)  effect 
in  n-InSb  the  past  year.  This  can  be  divided  into  the  low  electric 
field  region  and  the  high  electric  field  region, 

1.  Low  Electric  Field  Region 

Enhanced  resolution  by  sensitive  measurement  techniques  allowed 
several  studies  to  be  done.  As  a result,  two  papers  will  be  pub- 
lished on  this  work.  To  best  summarize  this  work,  we  present  the 
title  of  the  paper  and  reproduce  the  corresponding  abstract. 
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OBSERVATION  OF  MAGNETOPHONON  STRUCTURE 

IN 

DEGENERATE  n-InSb 


ABSTRACT 

We  report  the  observation  of  magnetophonon  structure 

in  the  transverse  magnetoresistance  of  degenerate  n-InSb 

15  -3.  The 

at  77  K in  a sample  of  concentration  7.5x10  cm 
positions  of  the  resistance  maxima  appear  at  higher  mag- 

14  -3 

netic  fields  than  those  found  in  pure  ($10  cm  ) samples. 
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THE  MAGNETOPHONON  EFFECT  IN  A NONPARABOLIC 
BAND:  n-TYPE  InSb 


ABSTRACT 

Measurements  of  the  transverse  Ohmic  magnetophonon  effect 
have  been  performed  at  77  K in  a set  of  samples  of  n-InSb 

13 

having  carrier  concentrations  in  the  range  from  n = 5 x 10 

— 3 16—3 

cm  to  n = 7 X 10  cm  . With  increasing  doping,  the  minima 
in  the  second  derivative  of  the  resistance  with  respect  to 
the  magnetic  field  are  shifted  to  higher  magnetic  fields. 

Even  in  the  purest  seunples  the  values  of  the  resonant  magnetic 
fields  for  harmonic  numbers  up  to  N = 12  can  only  be  explained 
if  the  contributions  of  spin-conserving  transitions  involving 
both  L » 0 spin  levels  and  spin-split  Landau  levels  with  L > 0 
are  taken  into  account.  These  transitions  occur  at  magnetic 
fields  which  are  higher  than  the  fields  for  the  L = 0 lower 
spin  level  transition  because  of  the  nonparabolicity  of  the  InSb- 
conduction  band.  A superposition  of  Lorentzian  lines  with  an 
empirically  determined  halfwidth  A (N)  proportional  to  the  har- 
monic number  N and  weighted  with  the  value  of  the  Fermi  dis- 
tribution function  at  the  energy  of  the  lower  level  is  shown  to 
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give  a good  fit  to  the  data  yielding  a band~edge  effective  mass 
of  m*  * 0.0138  m^.  In  higher  doped  seunples,  the  shift  of  the 
extrema  to  higher  magnetic  fields  is  partially  caused  by  the 
larger  value  of  the  damping  parameter  , because  of  the  lower 
mobility.  After  applying  an  appropriate  correction  to  the 
extremal  positions  of  the  high  concentration  82unples,  a shift 
remains,  which  qualitatively  can  be  explained  by  the  increasing 
contribution  of  higher  order  transitions  because  of  the  higher 
population  of  these  levels.  Finally,  the  shifts  in  extremal 
position  as  a consequence  of  an  increased  electron  temperature, 
e.g.,  induced  by  application  of  electric  fields  or  photoexcita- 
tion, are  discussed  within  the  framework  of  this  model. 


2.  High  Electric  Field  Region 

As  stated  earlier  in  the  Experimental  Work  Section,  Part  B, 
during  the  past  year  a new  technique  was  developed  for  measuring 
oscillatory  magnetoresistance  phenomena  using  submicrosecond 
voltage  pulses.  Consequently,  this  magnetic  field  modulation 
technique  enabled  high  resolution  data  on  the  electric  field 
dependence  of  the  MP  oscillations  in  n-InSb  to  be  obtained. 

One  paper  will  be  published  which  will  contain  the  results 
which  are  summarized  below  by  the  title  and  abstract  of  the  paper. 
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^ ELECTRIC  FIELD  DEPENDENCE  OF  THE 

I POSITIONS  AND  AMPLITUDES  OF  MAGNETOPHONON 

OSCILLATIONS  IN  n-InSb  AT  77  K 

I 


ABSTRACT 


! 

1 


The  influence  of  pulsed  electric  fields  on  the  magnetophonon 
structure  in  the  transverse  and  longitudinal  magnetoresistance 
of  n-InSb  at  77  K has  been  reexamined  using  a magnetic  field  modu- 
lation technique.  For  the  transverse  configuration,  a shift  to 
higher  magnetic  fields  with  increasing  electric  field  is  observed 
for  the  resistance  maxima  up  to  N*8.  The  amplitudes  decrease 
monotonously  and  disappear  at  about  60V/cm  for  N*3.  In  the  long- 
itudinal case,  the  extrema  shift  to  lower  magnetic  fields  as  the 
electric  field  is  increased.  In  contrast  to  the  transverse  case, 
the  amplitudes  increase  by  a factor  of  1.8  up  to  15V/cm,  and  then 
either  decrease  or  become  saturated,  depending  on  the  harmonic 
number  of  the  extremum  under  consideration.  These  experimental 
results  are  discussed  within  the  context  of  calculations  based  on 
a quantum  kinetic  equation  approach  and  predictions  obtained  from 
a simplified  analytical  theory. 
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B.  Laser  Induced  Changes  in  the  Shubnikov-de  Haas  Effect 


Much  progress  has  been  made  during  the  past  year  and  as  such 
we  shall  try  to  cover  this  part  as  comprehensively  as  possible. 

This  part  is  conveniently  divided  into  two  sections.  Pulsed  dc 
Method  and  Magnetic  Field  Modulation  Method,  according  to  the 
method  used  in  recording  the  Shubnikov-de  Haas  (SdH)  oscillations. 

1.  Pulsed  dc  Method 

The  first  direct  observation  of  COj  laser-induced  hot  electrons 
in  degenerate  n-InSb  was  carried  out  usinj  a pulsed  dc  electric 
field  technique  as  shown  in  Fig.  6.  The  laser  radiation  is  pulsed 
with  a low  duty  cycle  to  prevent  lattice  heating.  The  pulsed  dc 
electric  field  is  synchronized  with  the  optical  pulse  and  the  res- 
ponse of  the  laser-induced  hot  electrons  is  measured  by  sampling 
oscilloscope  techniques. 

Shubnikov-de  Haas  measurements  were  carried  out  on  a sample  of 
n-InSb  with  a concentration  1.4  x 10^^  cm~^  at  1.5  K and  with  fi||3. 
The  optical  pulse  used  was  3 usee  wide  and  was  produced  from  a cw  CO^ 
laser  beam  at  a repetition  rate  of  166  Hz  by  a mechanical  chopper. 

The  ohmic  voltage  pulse  had  a duration  of  20  nsec.  The  response  of 
the  electrons  was  measured  through  a pair  of  voltage  probes,  ampli- 
fied, and  displayed  on  a Tectronix  7904/7S14  sampling  oscilloscope. 
For  these  measurements,  the  output  of  the  sampling  oscilloscope  was 
recorded  directly  on  an  X-Y  recorder  as  shown  in  Fig.  6. 

The  electron  temperature  was  measured  by  comparing  the  ampli- 
tude of  the  SdH  oscillations  taken  under  laser  heating  conditions 
with  those  taken  under  equilibrium  conditions  at  various  lattice 
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Figure  6.  Block  Diagram  of  Experimental  Apparatus  Used  in  Pulsed  dc  Method. 
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temperatures.  Figure  7 shows  SdH  oscillations  measured  under  the 
two  sets  of  conditions.  The  top  set  of  oscillations  were  recorded 
for  various  lattice  temperatures  without  laser  illumination.  The 
temperature  of  the  sample  was  controlled  by  a liquid  helium  bath. 

The  lower  set  of  oscillations  were  obtained  at  a constant  lattice 
temperature  of  1.75  K for  various  incident  laser  powers.  The  power 
levels  listed  are  peak  powers  of  the  laser;  the  peak  incident  laser 
power  at  the  sample  was  estimated  to  be  -*1/3  of  this. 

Amplitude  ratios  obtained  from  these  figures  are  shown  in  Fig . 8. 

By  comparing  these  amplitude  ratios,  a phenomenological  temperature 
is  obtained  for  the  laser-induced  hot  carriers.  The  dashed  lines 
indicate  that  for  4.2  watts  (~1.3  watts  incident)  an  electron  tem- 
perature of  '3.3  K is  obtained  with  a lattice  temperature  of  1.75  K. 

The  electron  temperatures  obtained  in  this  manner  are  shown  in  Fig.  9. 
Uncertainties  caused  by  the  low  signal-to-noise  ratio  in  the  measure- 
ment system  is  large. 

It  is  possible  from  energy  balance  considerations  to  estimate 
the  energy  relaxation  time  required  to  producd  the  measured  electron 
temperature  with  the  incident  laser  power.  A relaxation  time  of 
=10  nsec  was  estimated  from  the  data  obtained  in  this  part  of  the  study. 

A talk  based  on  this  data  was  presented  at  the  March,  1977, 

American  Physical  Society  Meeting. 

2.  Magnetic  Field  Modulation  Method 

To  reduce  the  noise  in  the  measurements  taken  above,  a magnetic  field  ^ 
modulation  system  recently  developed  by  Kahlert  and  Seiler  was  incorporated 


Figure  7.  Top  Half:  Temperature  depen 
dence  in  n*InSb  at  zero  laser  power; 
Bottom  half:  Dependence  of  SdH  oscil- 
lations on  the  peak  power  of  a CO2 
laser  pulse.  Both  sets  of  data  were 
taken  with  a sampling  oscilloscope. 
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Figure  9.  Dependence  of  the  CO2  laser-induced  electron  temperature 
on  the  peak  value  of  the  laser  pulse  at  a fixed  lattice 
temperature  of  1.75  K.  Actual  power  incident  on  the 
sample  is  about  one-third  of  that  given. 


30 


into  the  experimental  arrangement.  A block  diagram  of  the  experiment 
with  field  modulation  is  shown  in  Fig.  10.  The  modulation  system 
consists  of  a set  of  coils  mounted  on  the  poles  of  the  dc  electro- 
magnet, a Wein  bridge  oscillator,  amplitude  control  electronics, 
power  amplifier,  and  a lock-in  amplifier  used  to  detect  the  modu- 
lated signal. 

The  sample  characteristics  and  other  experimental  parameters 
are  the  same  as  in  the  previous  pulsed  dc  experiments.  The  magnetic 
field  was  modulated  at  43  Hz  with  an  amplitude  at  the  sample  of 
150  Gauss  p-p.  It  was  found  that  the  electronic  response  of  the 
sample  must  be  probed  at  least  10  times  per  modulation  cycle  to 
achieve  suitable  definition  of  its  behavior.  For  this  reason  the 
pulse  repetition  frequency  was  raised  from  166  Hz  to  2000  Hz.  The 
output  of  the  scunpling  oscilloscope  was  then  fed  into  a P.A.R.  HR-8 
lock-in  amplifier  whose  output  was  then  recorded.  The  signal  derived 
from  the  lock-in  set  at  43  Hz  is  proportional  to  the  first  derivative 
of  the  SdH  oscillations  obtained  by  the  dc  methods. 

The  measurements  made  with  this  technique  are  shown  in  Figs.  11 
and  12.  Figure  11  shows  amplitude  vs.  lattice  temperature,  temper- 
atures above  4.37k  were  obtained  by  helium  vapor  cooling  rather 
than  liquid  immersion.  Figure  12  shows  cimplitude  vs.  incident  laser  | 
power.  The  listed  power  levels  are  peak  incident  power  at  the  sample. 
Improvements  in  beam  control  and  focusing  produced  a more  intense 
beam  at  the  sample  which  caused  increased  damping  of  the  SdH  oscilla-  j 
tion  for  a given  laser  power,  when  compared  to  the  previous  data 
shown  in  Fig.  7.  Figs.  13  and  14  show  the  amplitude  ratios  and  ) 
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Figure  11.  SdH  oscillatory  magnetoresistance  for  several 
lattice  temperatures  taken  while  detecting  at 
the  first  harmonic  of  the  modulation  frequency 
(no  laser  illumination) . 
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Figure  12.  SdH  oscillations  for  various  incident  laser  powers 
at  a constant  lattice  temperature  of  1.8  K.  Power 
levels  listed  are  peak  incident  power  at  the  sample. 


Figure  13.  SdH  amplitude  ratios  versus  lattice  temp  (left) 
and  versus  incident  laser  power  (right)  . 
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electron  temperatures  obtained  from  the  oscillations  in  Figs.  11 
and  12.  The  electron  temperatures  obtained  in  this  study  show  a 
slight  fall-off  at  higher  laser  powers.  This  effect  yields  a 
decrease  in  energy  relaxation  time  with  increasing  laser  power  for 
calculations  based  on  energy  balance  considerations.  Values  calcu- 
lated for  T^  are  near  25  nsec  over  the  range  of  laser  powers 
studied  here. 

These  data  and  their  analysis  were  presented  at  the  International 
Conference  on  Hot  Electrons  in  Semiconductors,  held  at  NTSU,  July 
6-8,  1977.  The  corresponding  paper  will  be  published  in  Solid  State 
Electronics.  For  completeness  we  include  reproductions  of  the 
galley  proofs. 
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Abkirarl-  Ihe  inlliKiHC  of  a I *i'ci  »kIc  ( tl.  Ii'ri  pfll'C  on  Ihi  Shiihnikiit  ile  llaa'  (S»IM|  r Ifoi  | m a 
I 4 " 10'*  im  ' kampic  of  n InSH  h»^  been  invCklipalcJ  at  a Ullkr  Icmpci.iltitr  of  I It  K Ibiroiit  the  tone  the  vanipk 
n illuniiiMicil  the  SJH  iinpliiiNlev  air  found  lo  dCktcaK  with  lOkicakinc  lakrr  powrt  I o<  a peak  >nM<leni  pourt  of 
abotil  I wall,  the  Sdff  okeilfatorv  behavior  vofrevpvirufv  to  that  mraviired  at  a latluc  letoperaiiirr  of  4AK  foi  the 
non  illuminated  vaniple  Ihevc  levultv  form  the  hrvi  iliieil  and  ^uanlilaioe  evHlentc  fol  rievlion  he  iiinf  imluvr.l 
bv  ( O,  lavei  radiation  and  perniil  the  evaliialH>n  of  a phrnomcnolofKal  rncrev  relavaiion  linK 


I IHIRIHNXTIIM 

Hoi  riciltons  in  InSb  kiiMlrJ  b\  d c clctliit  ftcldv  have 
been  e«lcn\ivcly  studied  by  a v.iricly  of  c»pcrifnenl\  Nilh 
for  nondcycnrrale  and  deccncr.ile  vlalislkv.  Ilowevcr, 
for  the  eaee  of  oplnal  healln^;,  miieh  Icaa  informalioii  i\ 
available  In  ptiic  ('''I0'‘em  'l  \amplcs  of  InSb  illii 
iiiinalrd  bv  long  wavrleii|:lh  radialion.  free  earner 
abeorpiion  IV  known  lo  laiise  an  inereavc  in  the  mean 
eiK’rgy  of  ihc  eleelron  gas  as  nbvcrved  by  changev  in 
eondiivitvity  reviilling  lioin  a mobility  varialioni 1. 2| 
Drlcrntinaiion  of  cleelton  lentperalurev  from  phuUx'on- 
dtielivily  data  depends  upon  Ihc  asvumplionv  made  eon- 
ecrning  Ihc  dominant  vcallciing  ineehaniimv  In  addition. 
Ibis  technique  is  not  av  sensitive  in  degenerate  samples 
of  liiSb  since  the  mobility  is  not  strongly  dependent  upon 
lemperaltirc 

In  this  paper,  we  present  Ihc  hist  direct  measurements 
of  COj  Iaser  induced  hot  electron  temperatures  in 
degenerate  n type  In.Sb  These  measurements  involve 
dell  miming  the  amptiliide  of  the  Shiibnikov-de  Haas 
tSilHl  oscillations  which  are  sltoogly  dependent  upon  the 
leniperaltire  of  the  conduction  etccirons  In  addition,  a 
phenomrnologKal  value  for  the  energy  relaxation  lime  is 
estimated  from  simple  consideialions  of  energy  balance 

] THkllRV 

(ill  iin  mini  r iihtiiriiiii)H  mill  ih  t null  lifiiliiiK 

l or  vtilTicienilv  low  inicsitiev  wheie  two  photon  pro 
vcsscs  can  be  neglected  Ihc  absoipthsii  of  ('ll.  laser 
i.idialion  at  wavelengths  between  '•  and  llpm  tfii' .» 
ollTcV)  in  n InSb  will  lake  pl.ivc  through  inter.idkin 
wiih  flee  elections  in  Ihc  coiidiiclion  baud  l leciroiis 
exciled  to  high  energies  h)  absorption  of  a photiin  may 
undergo  energy  lelaxalion  through  two  conipelitig  pro- 
cesses eleelron  electron  sc.illering  and  |Hilar-<iplic.il 
phsinon  emission  I his  phomm  emission  transfers  the 
absorbed  energy  of  the  phoioexciled  electrons  to  the 
lallKe  l•leclrlln  eleelron  si  altering,  on  the  other  hand. 


I W ork  snpfsviii  d in  pail  by  the  t'Ibct  of  Navel  Hescarch 
flln  leaie  fnim  I imIwir  llollemann  Insiiiiii  fuel  l eslkoerpci 
phycik  amt  Invlimt  fuel  Angewaiidle  Phwik  llmversilael  Wien 
Awsifia 


disliibiites  Ihc  .ibsorived  photon  eneigv  vciihin  Ihe  elei 
Iron  gas  If  ihi'  poxess  is  siiflieienllv  fast.  i c if  the 
concentration  is  high  enough,  a non  equilibrium  currier 
disIribiiiHin  will  be  csiablished.  which  is  chaiaclcri7ed  by 
an  electron  temperature,  T,.  It  should  be  noted  that  the 
polar-opiKal  phonons  emilled  by  Ihe  phoUxxcilrd  elec- 
trons decay  lo  .acoustic  phonons  through  a ihice  phonon 
interaction  and  thus  have  a long  lifetime  I. M Some  of 
these  optical  phonons  may  therefore  be  reabsorbed  by 
Ihe  electron  gas  providing  an  additional  source  of  heating 
besides  Ihe  eleclron-eleclron  thermaliralion  process 

The  ultimate  transfer  of  Ihe  tbsorbed  photon  energy  to 
Ihe  environment  surrounding  the  sample  takes  place 
through  acoustic  phonons,  either  emitted  directly  by  Ihe 
gas  or  created  fin  pairs)  by  Ihe  decay  of  optical  phonons. 
Rut  since  Ihc  rale  of  emission  of  acoustic  phoiHins  is 
slow  compared  to  that  for  emission  of  optical  phonons, 
this  will  not  become  a significant  energy  loss  mechanism 
until  Ihe  electron  gas  has  cooled  below  ihc  point  where 
optical  phonon  emission  can  lake  place 

Hearn|4.  5)  has  made  calculations  for  InSb  ai  liquid 
helium  lemperaliires  which  indicate  that,  for  concen- 
trations above  a critical  value  of  «,  «=  10*  lo  10"  cm  '. 
electron-electron  scattering  should  dominate  High  mag- 
netic field  calculaiions|h. 7|  raise  Ihe  estimated  concen- 
tration at  which  /.  IS  valid  lo  n.  III"  cm  ' However. 
Ihe  assumption  used  in  these  papers  that  the  laindau 
levels  above  the  bottom  \ » 0 level  will  not  be  popu- 
lated is  noi  valid  under  the  conditions  of  this  rxperimeni 
We  assume  for  the  electron  concenlralicins  of  inteiesi 
here  ^ I 4 x Id"  cm  'l  that  the  energy  disliibuiion  of 
Ihe  electron  g.is  with  lasci  healing  will  be  ch,iraclcii/ed 
by  a temperature.  7,.  which  is  greater  than  Ihe  laliKe 
temperature.  /,  this  distribution  will  then  Ive  cimlcd  by 
a combmalioii  of  opixal  and  acoustic  phonons  Ihe 
effects  c.iiised  bv  emissum  of  optical  phonons  piuu  lo 
Ihermali/aiion  of  the  phoioexciled  electrons  present 
.iddilional  complicalains 

tb)  ShHhnikiii  ■ ilr  Huai  f§etl  unJtr  lumer  henfing 
lomlilii'Hi 

Isaacson  and  lliidgev|ft|  ftrsl  used  Ihe  SdH  effect  in 
InSb  lo  obtain  hot  electron  temperatures  with  applied 
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il<tiii>  lul.U  liii'li.,  flriiiit  InM  ir.iliutil  IikI  i.iiiii'i 
\lMilii,  M'*i‘  'ti.i'lr  ihc  S^IM  cfffKl  hv  ll^iu'f  ;uul 
killlilll'l  ll|  III  lllis  '.lliiu  ih.il  Ihc  S<lll  I'lfCil 

ijii  .iImi  I>c  iiM'd  III  nIuiU  liiMf  iihIikciI  hul  l:k'lill•n^ 
1hi  Silll  iiH'ilhiliiinc  in  Ihc  loiiHiliKjin:il  ni.i^nclorc'ic' 
i.inic  Ilf  1 ilc^ciii'tiilc  ii’ini  i ll•l4ltllllll  i'-m  Im*  nhscrvcil 
llilili  I lilt  lollim  IIIK  liilklllliillsl  I n 


«.>>  I. II) 

»hcrf  w.  ->  fHIm'C.  is  Ihc  cyclolron  rcsnniincc 
(irqucncy  and  Y is  ihc  cnHisicfi  lime  Assuming  lhal  ihc 
Ihnflc  trmpcialurc  and  ihc  spin-sphllin|  factor  remain 
iniisiuni  as  ihc  clcslrnn  icnipcr.iliirc  ch.ingcs,  ihc  raliii 
III  SdH  ampliiudcs  al  Ivso  icmpctaliire*  is  given  by 

A, ’’  V./sin'h(  .V.)  “* 

where 

X.  ’ :w'knTJkm.  ID 

Ihc  use  Ilf  cqn  l2l  lo  csiract  ihc  icmpcralurc  iif  ihc  hi>l 
cicilron  gas  is  presented  in  Seclion  4 of  this  paper 


III  Krill  iiif inn  lime 

Ihc  lalculalion  of  a phenomenological  relasation  time 
IS  based  upon  Ihe  hulance  of  energy  gain  and  loss  pro- 
cesses for  the  electron  pas  in  Ihc  ifluminaied  sample 
solunic  Ihc  energy  gam  is  due  lo  ihe  absorption  uf  laser 
photons  and  siibsequcni  iherm.ili/alion  of  pholocscilcd 
cki  irons  while  the  loss  is  due  lo  energy  Imnsfer  from 
Ihc  electron  gas  to  Ihe  lattice  the  energy  balance  cqiia- 
iHin  for  a single  elecimn  has  the  form 


*lT^,)-elf, ) 

dr  ' " T 
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whore  f’..,,  is  Ihc  iihsorlscil  power  per  eicclion  in  llic 
itliiniin.iied  sample  volume  arul  r is  ihe  energy  rclasalinn 
lime  The  Icrapcraliire  dependence  of  the  mann  energy  of 
an  elcilron  in  a dcgeneralc  semiconduclor  is  taken  lo  be 
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IS  Ihe  icdiicrd  Kermi  energy 
If  a sieady-slalc  sonslilion  can  he  established  under 
laser  ilinmmaiion  so  lhal 
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then  r nuy  he  eidciilaied  from  the  eqiialkm 
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llic  isMiiiipiii'ii  w IS  made  oolioi  lhal  ihoi in.ili/alion 
ol  Ihc  phiiliK'SMicd  ohilion  iKciirs  iliioiigh  olrilron 
clcclnm  sc. nil  ling  Ih'Ioic  siginliianl  oplual  phonon 
cmikston  from  ihc  pholocsiilcd  lariicis  lakes  place 
However  when  phonon  emission  lakes  place  piMit  Id 
iherinali/aliim  c g lo  salisfv  nionienlnni  consoii.-alion 
iliiniig  plmloii  aliMiiplioii.  a mole  iktailcd  Ihcoiclical 
Irciilmenl  woiild  hr  tci|iiiird 
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The  samples  used  were  eul  from  a bulk  sample  uf 
n-lype  InSb  having  a conetntration  of  I 4x|n'*cm  ' 
and  a Hah  mobility  of  12*  lO'em’/V  sec  al  I t K Ihc 
oplkat  surfaces  were  ground  with  Aid),  polish  with  a 
grit  liie  of  0 .1  nm  (-k/}0)  llie  absorption  cncllicicnl  at 
lOhgim  is  taken  to  be  fl  11.12  cm  ' whnh  is  an 
esirapoltied  value  taken  from  Piiel|l4)  who  measured 
0 Hm  ' for  a sample  I I*  111'* cm  ' Ihe  final  sample 
dtmentions  were  Kf  mm  * l .fimm  *0.07  mm  thick  Two 
currenl  cootacts  and  Iwo  polenlial  conlacls  were  made 
with  2.^  rsm  diameter  gold  wire  using  indium  solder 

Figpre  I shows  a schematic  diagram  of  Ihc  equipment 
as  used  in  ihts  rxpcrimcnl  Ihe  sample  was  ilinmm.iied 
wiih  a pulse  produced  by  mechanically  chopping  a beam 
(TF.M.„modc)  from  a cw  CO,  User.  The  pulse  width 
used  in  ibis  esperimeni  was  ~.l^sec  (f'.W.H  M.)  with  a 
rise  lime  uf  2 The  repetition  rale  was  2000  Hr. 
The  pulse  was  fiKUsscd  lo  a diameter  of  / ft  mm  al  Ihe 
sample  and  positioned  lo  ihuminalc  Ihe  region  of  the 
sample  helwcen  Ihe  poicniial  conlacls  The  CO,  laser  is 
grilling  limed  and  produces  single  line  oulputs  of  scvci.il 
walls  ov«  most  of  Ihc  *1  gim  lo  II  mih  wasclenglh  langc 
The  esperimeni  leporicd  here  was  carried  oiii  .ii  A *• 
lO  Tuti  *<10  powers  up  to  10  waits  available.  A He-Ne 
laser  used  in  conjunction  with  a silicon  PIN  photodiode 
produced  a (rigger  pulse  for  Ihc  puKc  gencraiing  .and 
dclayiitg  elecinmics 

The  magnclorcsislance  of  ihe  sample  was  then 
incaspred  using  a short  (tnsccl  declncal  probe  pulse 
generated  by  a fast  rise  lime  (<l  nsec)  Tekirnnis  pulse 
generator.  The  cleilrk.il  pulse  kept  small  lo  amid  heal 
ing by  Ihe  rircliic  field,  was  syncruni/ed  lo  coinckir  with 
Ihe  peak  of  the  laser  pulse  The  dinercmc  mlugc  he- 
Iwecn  Ihc  Iwo  polenlul  probes  was  measured  with  a 
leklrunis  7^(M/7SI4  sampling  oscdloscispc 

PrcvMms  pulsed  dc  SdH  mcasiiremcnlsl |S|  reporird 
by  the  awhnrs  were  made  by  directly  recording  the 
oulpul  of  the  sampling  oscilloscope  vs.  magnelic  field 
However,  significant  improvemcnls  in  signal -to-noisc 
ralm  have  been  oblained  Ihrougb  the  use  of  magnelic 
field  tniHlulalmn  in  combinalHHi  with  ihc  fast  sampling 
methods  This  lombrncd  irshniqnc  was  first  descloped 
by  Kahleri  and  Scilcrjlh.  17)  for  observing  hoi  electron 
magnetophomin  siriH  liitr  in  u-lnSh  al  77  K When  used 
lo  observe  ihc  .SilH  cfiecl.  this  irchnniur  produces  a 
dclaclor  rwtpnnsr  which  is  prnportiorul  lo  Ihe  first 
ilenvativc  of  ihe  magnelorestslancc  oscillalionc.  bul  it 
ilm's  iml  affect  rhe  raiio  of  ampliiudei  as  given  m cqua- 
lu»«  f2)  In  tins  method,  the  output  of  ihe  camplHg; 
osc  illoscofc  is  fed  into  a IrHk-in  amphHer.  the  output  of 
which  is  then  recorded 
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('if  I.  HliKk  digram  n(  (tpcrimcKlal  •Pftataiu\ 
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Figuie  2 %h<MMA  SdH  o<cillalip«A  1m  lullitc  icmpcrafurrv. 
, hclwccn  I * and  9.6  K.  The  nAcUlalHmA  recorded  for 
varioiM  incident  lacei  p<i»er«  ate  Almwn  m Fig.  ^ (or 
T,  l.*K.  (juaiitaiively.  it  can  be  seen  that  the  oscil- 
latKins  are  damped  by  itKreating  la«r  power  in  a manner 
anatogooi  to  the  damping  caused  by  elevated  lattice 
temperature*  These  data  show  directly  that  the  mean 
energy  of  the  electron  gas  increaict  whh  later  dhimiiuition 
The  SdH  amplitude  ratio*  at  a function  of  lattice 
tempeuiure  IwhhoM  laser  iHumination)  ire  plolied  on 
the  left  hand  tide  of  Tig  4 and  eekibit  the  characterntic 
dependence  given  by  egn  (2|.  The  vartalion  of  the 
amplitude  ratui  with  incident  laser  power  is  plotted  on 
the  right-hand  side  of  Hg  4 The  reference  ampliiMdc 
for  both  graphs  was  taken  at  UK  with  m later  illu- 
minalKsn. 

The  electron  temperature  corresponding  to  each  laser 
power  it  determined  by  comparison  of  the  amplitude 
ratio  show  n in  both  halves  of  Fig.  4.  For  C4pmpto.  the 
dotted  lines  show  that,  for  a h.flW  peek  laetdem  laser 
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1 1*  J !Wlt  Iiv  itlalors  ■n.irnciDirsictanc c ti«  several  Uiihc 
irmprraiiiifs  lalcn  whik  <lrl(clin«  at  ihr  hrsl  twrmonK  the 
itaHlulilion  tirearnc  ir  |k<  laser  MivmHi.iiinnl 
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big  V Sdll  nsiill.iii<>ns  fur  various  meideiil  Usei  powers  al  a 
ramlani  laiiKe  irmpriaiurr  of  l*K  Pown  leveh  lisied  are 
peak  incideM  power  at  the  umple 
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f'ii  4 SdH  ampliiiidc  raiios  versus  Uliiec  lemp  llefti  and  versus 
uuuteni  Itstt  power  (icfHl 

power,  an  ampliiudc  ratio  of  0 22  was  obtained  From  the 
leMperalurr  dependence  N is  seen  ibal  an  amplitude  of 
0.22  owresponds  lo  a temperature  of  46K  Thus,  a 
phenomenologKal  electron  gas  temperature  of  46K  is 
obtained  for  an  incident  laser  power  of  0 9ti  watts  at  a 
lattice  lempcraiurt  of  I R K The  electron  lemperatutes 
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J III  thiN  in;iniicr  l»i  (he  vhhoiih  later  poweit  arc 
pIxitcJ  m Mg.  > A dniliKl  nor  Hnear  hclM*K>r  it  obtei- 
vrj  «hit'h  lannot  l<e  accounled  for  hy  expcriineiilal 
iinerilalmie*. 

In  oidci  to  dclermioc  that  lattice  hcaif'g  did  not 
coninhwte  to  the  effects  discussed,  a very  broad 
i'Xtfitet)  laKr  pulse  was  used  lo  study  the  tune 
dependence  of  the  SdH  amplitude.  A lower  pulse  repeti- 
tion rale  of  166  H/  was  used,  but  the  average  power 
input  to  the  sample  was  -*>(>%  htgticr.  Ttw  temperature 
of  the  electron  gas  was  measured  at  dfffercM  time  posi- 
tioin  during  the  pulse,  and  the  rcttilts  are  shown  in  Fig 
A This  figure  inslicaies  that  wWiiii  the  experimental 
uncertainties  laltK'e  healing  makes  an  tnsigniricani  con- 
tribution to  the  temperature  of  the  citetron  gas  during 
bser  illumination  for  these  limes 

Results  of  calculations  of  energy  relaxation  limes 
based  upon  eqn  (7)  yield  a vahM  of  about  nsec  for 
electron  lemperaiuret  between  .1 J and  2 K 
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It /i  sec) 

lie  li  fimr  depcodrni.c  of  ihe  I'tctiriin  icfnpef;iliifc  T,  in 
iiintHih  non  wiih  ihe  cmrcspunOing  laser  pulse  of  king  liiiiaiinn 
lhai  v>.is  lived  lo  shrill  for  IuIikc  healing  elleets  No  laiine 
beaiiiig  rfleilv  are  obsersed  on  these  liine  leaies 


fiarulercock  I IK|  calsulaled  values  of  Ifr-  III’ sec  ' be- 
iweco  2 and  12  K 

s t'liNt  uannNi 

1 lie  .Shubniliov  de  Maas  clleil  has  licen  shown  lo  be  a 
vahtabie  tool  for  invesiigatini  laser  induced  hot  electrons 
Qualitative  comparison  of  Ihe  .SdH  oscillations  as  record- 
ed under  Muminatcd  and  non-itiuminaied  circumstances 
ahow  that  the  mean  energy  of  the  electron  gas  is  in- 
creased hy  absorption  of  Ihe  laMr  radiation.  In  addition, 
these  comparisons  show  that  the  SdH  amplitude  damping 
caused  hy  laser  heating  is  very  similar  to  the  damping 
which  occurs  at  elevated  lattice  temperatures.  This 
simiivily  lends  to  support  the  eicciron  temperature 
model  Qiianiilaiivr  conipaiison  of  these  anipliliidr  ratios 
has  provided  a means  of  drlccmiiiing  the  Icniperatmc  of 
Ike  laser  healed  electron  gas 

l>n  the  basis  of  the  electron  temperatures  derived  from 
these  measurements,  a phenomenological  ener^  lax- 
ation  lime  has  been  determined.  Further  experiments  are 
planned  which  should  provide  additional  insight  into  the 
physical  nature  of  this  relaxation  process. 
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VI . FUTURE  PLANS 


A.  Experimental 


1.  Lasers 

A Lansing  Piezo-Electric  Translator  will  be  used  to  better 
control  the  mode  patterns  in  the  cw  lasers,  along  with  an  increase 
in  power  and  possibly  more  stability. 

For  the  CO  laser,  a better  grating  rotation  system  is  almost 
completed  and  will  be  installed.  In  addition,  a Bausch  and  Lomb 
grating  with  >92%  efficiency  will  be  utilized.  Consequently,  the 
power  and  the  number  of  observed  laser  lines  should  increase.  An 
improved  laser  tube  will  be  constructed  that  has  an  integral  gas 
ballast  chamber  which  should  increase  the  operational  lifetime  of 
the  laser. 

Q-switching  with  a rotating  mirror  will  also  be  developed 
this  year. 

2.  Installation  of  Electro-Optic  Switch 

An  electro-optic  switch  composed  of  a high  quality  CdTe  crystal 
has  boen  ordered  and  will  be  installed.  Driven  by  a high  power  vol- 
tage generator  with  fast  electrical  rise  and  fall  times  it  will  then 
enable  short  laser  pulses  to  be  produced.  We  are  in  the  process  of 
ordering  a Velonex  generator  which  will  enable  pulses  as  short  as 
50  nsec  to  be  obtained.  The  power  supply  has  the  versatility  to  be 
able  to  supply  variable  pulse  lengths  and  repetition  rates. 
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3 . Extension  of  CO^  Laser-Induced  Hot  Electron  Measurements  to 
Higher  Carrier  Concentrations 

15  -3 

Up  to  the  present  time,  only  one  concentration  (=1  x 10  cm  ) 
sample  of  n-InSb  has  been  investigated  by  SdH  measurements  under 
laser  irradiation.  Higher  concentration  samples  of  n-InSb  will  be 
investigated  this  coming  year.  Since  free  carrier  absorption 
depends  directly  upon  the  number  of  free  carriers,  some  interesting 
laser-induced  hot  electron  properties  may  emerge. 

4 . Measurements  of  CO  Laser-Induced  Hot  Electrons 

The  development  of  a CO  laser  in  our  laboratory  will  enable 
us  to  determine  the  effect  of  CO  laser  radiation  on  InSb.  The  CO 
laser  has  about  twice  the  photon  energy  of  the  CO2  laser  and  con- 
sequently should  produce  some  interesting  hot  electron  effects. 


B . THEORETICAL 


I 
I 

I This  coming  year  a major  effort  will  be  made  to  analyze  and 

understand  the  laser-induced  heating  effects  that  have  been  ob- 
I served.  The  models  that  are  developed  will  have  to  take  into 

account  free  carrier  absorption  and  energy  loss  rates.  A quali- 
* tative  overview  of  many  of  the  processes  involved  is  given  in 

I Fig.  15  where  a block  diagram  is  presented. 

The  free  carrier  absorption  process  can  take  place  with  emis- 
( sion  of  optical  phonons  and/or  acoustic  phonons.  In  addition, 

ionized  impurity  scattering  may  have  to  be  taken  into  account. 

Thus  this  absorption  process  creates  photoexcited  electrons  at 
energies  high  in  the  conduction  band.  Assuming  that  electron-electron 
scattering  predominates  over  optical  phonon  emission,  the  electron 
distribution  will  then  relax  to  a quasi-equilibrium  distribution 
characterized  by  an  electron  temperature  of  the  heated  electron  gas. 

1 There  are  indications  that  this  is  a valid  assumption,  but  confirming 

I theoretical  work  needs  to  be  done. 

Energy-loss  rates  of  the  hot  electron  gas  to  the  lattice  must 
be  investigated.  Since  the  electron  temperature  of  the  gas  under 
laser  radiation  is  never  very  large,  optical  phonon  emission  can  pro- 
bably be  neglected  . The  predominate  energy-loss  rate  is  undoubtedly  due 
to  the  acoustic  modes  via  deformation  potential  and  piezoelectric  couplinc 
The  relative  importance  of  piezoelectric  scattering  compared  with 
deformation-potential  scattering  depends  upon  carrier  concentration. 
Consequently,  at  low  electron  concentrations  piezoelectric  scattering 
will  predominate,  whereas  at  high  electron  concentrations  deformation 
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Figure  15.  block  diagram  of  some  absorption  and  scattering  processes 


involved  in  laser-induced  heating  of  the  electron  gas. 
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■ potential  scattering  will  predominate. 

I We  have  enlisted  the  aid  of  two  theoreticians  for  the  study. 

Dr.  Donald  Kobe  is  a professor  at  NTSU  and  has  a background  in 
I statistical  mechanics  and  the  many-body  problem.  Recently,  he 

has  turned  his  attention  to  understanding  the  nature  of  the  inter- 
* action  of  laser  radiation  with  matter.  He  is  certainly  familiar 

I with  most  of  the  theoretical  machinery  necessary  to  handle  this 

problem. 

j Dr.  J.  R.  Barker,  University  of  Warwick,  England , will  be 

visiting  our  university,  January  through  May,  1978,  as  a visiting 
1 professor.  He  is  intimately  acquainted  with  quantum  transport 

I theory  and  in  particular  hot  electrons.  Consequently,  he  brings 

some  needed  expertise  to  the  project  just  at  the  time  when  it 
i is  needed. 


I 
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VII.  TECHNICAL  PERSONNEL 


Research  Associate 

Dr.  H.  Kahlert  of  the  Ludwig  Boltzmann  Institut  fur  Fest- 
korperphysik  in  Vienna,  Austria,  worked  with  this  project  from 
October  1,  1976  through  September  5,  1977.  Both  his  experimental 
and  theoretical  expertise  in  the  area  of  hot  electrons  in  semi- 
conductors were  utilized. 

Graduate  Students 

The  following  graduate  students  have  worked  on  various  aspects 
of  this  project: 

Mr.  Delbert  Dowdy 
Mr.  Mike  Goodwin 
Mr.  Larry  Hanes 
Mr  . Br  ad  Moor  e 
Mr.  Larry  Tipton 
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VIII.  REPORT  ON 


International  Cor^erertce 
on  Hot  Electrons 

in  Semiconductors 

July  6-0.1977 

North  ipxds  State  Uni'^rsity 
Oeoton  Texas 


The  International  Conference  on  Hot  Electrons  in  Semiconductors  was  held  on  the 
campus  of  North  Texas  State  University,  Denton,  Texas,  6-8  July  1977.  There  were 
over  130  participants  from  13  countries.  This  Conference  wa-.,  a Topical  Conference 
of  the  American  Physical  Society  and  abstracts  were  published  in  the  Bulletin  of 
the  Atnerican  Physical  Society,  Series  II,  Vol . 22,  No.  6,  June  1977.  Other  spon- 
sors  were  the  Office  of  Navat  Research  and  North  Texas  State  University,  in  coop- 
eration with  the  Electron  Device  Society  of  IEEE  and  the  U.S.  Army  Research  Office 

The  purpose  of  the  Conference  was  to  bring  together  scientists  interested  in 
all  aspects  of  hot  or  non-equilibrium  carriers  in  semiconductors.  Topics  of 
current  interest  and  importance  were  presented  and  discussed  with  particular  empha 
sis  on  bulk  transport,  surface  and  interface  transport,  device  behavior  and  photo- 
excitation.  A final  session  of  the  conference  was  devoted  to  a discussion  of 
unsolved  problems  which  deserve  future  theoretical  and  experimental  effort. 

Much  "hot  electron"  work  has  traditionally  been  presented  at  the  International 
Conferences  on  the  Physics  of  Semiconductors.  Prior  to  this  Conference,  an  Inter- 
national Symposium  on  High  Field  Transport  in  Semiconductors  was  held  in  Modena, 
Italy,  4-6  July  1973.  In  addition,  many  papers  given  at  the  Symposium  on  Insta- 
bilities in  Semiconductors  20  and  21  March  1969  at  the  Thomas  J.  Watson  Research 
Center  in  Yorktown  Heights,  N.Y.  (see  the  IBM  Journal  of  Research  and  Development, 
Vol.  13,  No.  5,  September  1969)  were  devoted  to  hot  electron  effects . 

The  following  individuals  handled  the  organizational  and 
program  aspects  of  the  conference: 

Conference  Cheirmsn  Conferettce  Vice-Chairmen 

O [)(»  Dfs  A I Smifl  A J R Sybort 

Dofwirlmenl  ot  PMy^iCS  Dopaftmpnt  of  Pfiys»CS 

Nf)fih  fr«as  Stall*  UTiivPfsity  North  SlatP  Uoivprs'ty 

fjpoffKT  Tp«a«i  Donion  Tp*,!*;  7f>?03 


Program  Committee 

l)r  J R BarkPt 

ot  PhySif.s 

Uritvor<;ity  ol  Warwick 
(.ovootry  U K 


Ik  M H.irtlffl 

I i-lAoj  lloll/ftt.tiiii  Itistiliit  ^ ut  t PMkrtfppfphyStk 
P • IS 

A IIH>4)  V'P'Tri.i  Austria 

Dr  MA  I 

Dr'p.trfrrifrif  trf  I tn  Ifn  al  fnqiopPfiog 
Nurtti  ( ♦fuliii.i  St. Ilf  UiMvorSity 
R.ili  i<jr>  North  ( ,,iriilir).i  ?7607 

I )t  MO  St  ully 
< IptM  .|l  St  ‘rf»t  I'S  <4'nlf'r 
i liiivi'i’-‘ty  (it  Ari/oo.( 
liM  ..«»  A/«A>f>rl  HS/.M 

Dt  Ml  I f'ttrny 

Ik 'll  Ilk  •phot  If  1 ,ith»r.ilorif>«, 

Molifwlfl  NfW  Iff  .fy  ll/7't.l 


Or  D K ferry 

OMict*  ot  Naval  Research 

Arlington  Virginia  ???1  7 

Or  A H f owier 

IBM  Watson  Research  Center 

Yorklortrn  Heights  Ne«v  York  10*191) 

[)»  H He»nr»ch 
Instilut  ^ uf  PhySik 
JoharifYes  Kepler  University 
A 404S  I in/  Austria 

Dr  J Ht>lm  Kenr>ei1y 
DeiMrtrttertf  of  fiectncai  fngtr>eering 
University  ot  Mawax 
HoiMYllllti  Haw.^li  966^? 
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The  following  pages  contain  a copy  of  the 
conference  as  published  in  the  Bulletin  of  the 
Society,  Series  II,  Vol.  22,  No.  6,  June  1977, 
a list  of  the  conference  attendees  is  given. 


abstracts  of  the 
American  Physical 
pp.  700-711.  Next, 


An  Intrrntftmnal  ^‘unfcrcmr  an  Ho»  riocfrom  in  Scmkonduc* 
tors  will  bi-  held  on  the  vainpu%  of  North  lexas  State  University 
in  Denton,  lex.  on  6-8  July  1977  The  purp<»se  of  the  conler- 
enic  IS  to  hnny  together  scientists  interested  in  all  aspects  of  hot 
or  nonc(|ui{thrium  carriers  in  semicanduc(or\  All  persons  Inter* 
ested  in  this  field  arc  wclconu'. 

Ihc  conference  is  sponsored  hy  the  Office  of  Naval  Rcscardi, 
the  American  l*f)yMc*J  S.K'iety,  and  North  Texas  Slate  University 
in  c<K)peratton  with  the  I Icctron  Device  Society  of  IhFL  and 
the  U.S  Armv  Research  Ofncc. 

The  pr(>^*ram  is  arrjnitcd  info  mx  scsshmu  of  17  invited  papers 
and  42  contributed  papers.  I xtended  discussion  time  has  been 
allotted  for  all  papers  In  addition,  a rump  session  on  Saturday 
mommy  *viit  he  devoted  to  :in  open  discussion  on  future  trends 
in  the  area  of  ho*  elci  Irons. 

Reyisiraiion  will  hcyin  1 uesday  evening  at  6 00  P M in  conjunc* 
lion  vkTih  a reception  in  Maple  Ibli  The  fee  (or  the  conference 
will  entitle  the  p.>riicipant  to  attend  the  i oiitcrencc  banquet  and 
the  VHial  hours  and  to  re<  etvc  a copy  ot  the  proceedings.  Ad- 
vanced registration  tee  (must  be  received  by  chairman  by  1 July 
I977t  Is  WO.OO.  Registration  fee  alter  I July  1977  is  i45.00. 
Make  cheeks  (I'.S  dtdl.rs  only)  payable  to  /Vor/Ji  Texas  State 
(University . At  cffunt 

Students  are  n(»t  rctfuircd  to  pay  the  conference  lee.  Copies  of 
the  prtKCt  dtngs  and  a limited  number  of  banquet  lie  kets  will  be 
available  lor  purchase  on  6 July 

Members  of  Ihc  program  committee  arc  J R.  barker.  University 
ofViiarwKk.H  Kahlcrt.  currently  at  North  Icxas  Slate  Univer- 
sity . M A I jttlcyohn.  North  ( jroliiu  State  l>nivctsity ; M.O. 
Scully.  Untversttv  ot  Aii/ona.  R I I.eheny,  Bell  Telephone 
laboratories  K l>  I erry.  Office  of  Naval  Research.  A B I owicr. 
IBM  Waisf.n  Research  Center.  H Ifeinneh.  Johannes  Kepler 
Univetviiy  . J Molm-Kenncdy.  University  of  Hawaii  The  con* 
fcrrnce  rs  lieiiig  organized  locally  by  D.G  Seiler,  A L Smirl. 
and  J K Syberl 

Detailed  information  it  available  for  thou*  planning  to  come  to 
the  •.onlcrcnce  Please  strife  the  conference  chairman.  Dr.  Duvid 
(»  Setter,  Depjffmint  of  PIivmcs.  North  Texas  State  Univcriity, 
iK-nlon  Trs  76203  fictepliom  (HI  7)  7HK  2626.| 


iPITOME 

(All  the  technical  setn<ms  will  he  held  in  the  (iulden  I ’.atfe  Suite 
of  the  North  Texas  Slate  University  Union  Buildiny  There  will 
be  coffee  breaks  each  morning  and  afternoon  Personal  names 
are  those  of  invited  speakers. I 

Wl  DNFSDAY  MORNlNCi 

8. JO  Wcltoinc;  Seiler,  Sybcrl,<  . Nolen  (PieMdcm 

of  North  Texi»  Sl.iic  llnivcrMiy) 

8 4S  A General  Seuion  HiUuni,  Price,  Hauer,  Shah,  lllbrich. 

WI  DNFSDAY  AITI  RN<K)N 
2 00  B Devices  and  Hulk  Transport  Kroemcr. 

tmdrsday  morninc; 

9;00  C Moitly  MOSFFT’s  Ferry,  Hess. 

THURSDAY  AFTI  RNfXJN 

l;J0  D Optiuilly  I xcileo  Auston.  Scully,  Hearn,  I eitc, 
Wcisbueh 

FRIDAY  MORNING 

9 00  F Quantum  Traiispori  Barker. 

FRIDAY  AITI  RNOGN 

1 :3U  I Mainly  Hulk  Transport  Hughes.  Thornbei,  Niny 

SATURDAY  MORNING 
9 00  G Rump  Sesuon  on  I ulurc  Trends. 
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<t»rtfWi<1r»  mornwif.  8 Jutv  1* **77  OoMan  tuil>  M 1:30  A.M.;  0.0.  Mtar.  prwtdiwt 

ISCSSIOMA  QENCAAl 

MwtnMdav  mamn*.  • July  1*77;  OoMm  Ei^«  Suitt  (I  * 46  AJ«.;  E.  ComMM.  piilH^ 
inrtted  Fafters 

A I MiilorH'*l  Bi..kfn>unil  of  Hot  Htctror  Phyiici  C HILSl'M.  Roy*/  Radar  EiiahlUHmrni  England  (JO  min  ) 

A 2 TechniqurtofCilkuUlionof  Hof  FJrriron*»i«nom«n»  PJ  PRICE. /B«.  Tharrm  J Walton  Rnatrch  Ctnirr  (JO  min  ) 

Analytical  formilaa  ara  iianarally  abla  to  «l*a  a battar  account  of  a ptiyalcal  phanomanon  than 
can  ba  provldad  by  a nimarlcal  Oaacrlption.  Tha  lattar  nay  ba  nacaaaary  for  hot  alactrona. 
howavar.  bacauaa  of  tha  Inability  of  ala«ila  phyalcal  prlnclplaa  (auch  aa  ralanatlon  tlnaa)  to 
truly  ancoatmaa  tha  dynaalra  of  tha  dlatxlbutloa  funetlon,  and  baoauaa  of  cam|ilaalty  In  tha 
band  and  acattarlnq  achaM  of  tha  aolld,  of  tha  particular  phanomanon  atudlad.  or  paoMtiy  of 
tha  altuatioo.  Tha  traditional  phanoaianon  of  Intaraat  la  tha  ataady  atata  alth  apatlal 
hoaasqanalty,  and  Indapandant  nun-dapanarata  alactrona.  In  aultabla  condltlona  tha  loltmunn 
aquation  than  raducaa  to  ona  In  a alnqla  varlabla  (anarpy)  which  oan  ba  aolvad  by  ralatlvoly 
al^la  amanm.  Mora  yanarally,  for  thla  caaa,  ua  naad  a coaputatlon  of  tha  dlatrlbutlon 
function.  Elthar  tha  lattar  la  rapraaantad  by  Ita  valuaa  on  a qrld  of  polnta  In  tha  apaca 
of  tha  alactron  varlablaa.  and  tha  oparatora  of  tha  boltamann  aquation  by  oparatlona  on  thla 
array,  or  tha  "hlatory"  of  a alnqla  alactron  la  alaulatad  by  a Nonta  Carlo  achama.  Tha  foraar 
imthod  haa  advantaqaa  within  Ita  ranqa  of  applicability.  Honta  Carlo  haa  baan  aatanalvaly 
appllad,  bacauaa  of  Ita  craatar  ability  to  daal  with  band  and  aoattarlng  datallai  It  la  alao 
appllcabla,  by  alaboratlon  of  tha  coaputatlonal  procaduraa,  to  a wldar  ranqa  of  phaarmana  of 
intaraat.  rollowlnq  a daacrlptlon  of  baalc  aathoda  and  thalr  applloatlona,  tha  naadad  aatanalona 
of  aathod  aill  ba  dlacuaaad  with  application  to  phanomana  auoh  aa  tlaa  dapandancai  dlffualoni 
iaqoact  ionlaatloni  affacta  of  carrlar-carrlar  Intaractloni  flald-affact  aurfaca  acattarlnqi 
tharMllaatlon  of  drlftlnq  carrlarai  aamlconductor  )uncttaaai  affact  of  daqanaracy.  Kma  parti' 
cular  calculatlona  will  ba  uaad  for  llluatratlon. 


A J Erpenincnlil  Arptcuof  Hoi  EIrctron  DiMnhulion  Functionf* 

C BAUER  "/  Rhytlkaluchtt  Intiliui  RWTH  Aarhtn.  Garmanv  (30  min  ) 

The  exparimontal  datemilnatlon  of  hot  carrier  dlatrlbutlon  functions  haa  baan 
of  steady  Intarcat  since  tha  early  days  of  hot  alactron  tranaport  Invastlqatlons. 
A motivation  for  parfonulng  these  studies  was  the  hope  to  qat  direct  sxparl- 
nantal  evidence  for  the  various  acattarlnq  sechanlsiaa  from  tha  shape  of  tha 
distribution  function.  This  rather  funUaaantal  ssparlmaDtal  Information  should. 

In  principle,  be  more  appropriate  for  a comparison  with  theoretical  predictions 
than  transport  properties  of  hot  carriers  alone.  In  this  paper  a review  will  ba 
presented  on  the  sxparlmantal  efforts  to  obtain  hlqh  field  distribution  functions 
In  bulk  materials.  Three  optical  methods  will  be  discussed  In  datalli  (1)  Intar- 
and  Intxaband  absorption  sieasuraaiente , (lA)  amlssioB  due  to  radiative  transitions 
between  band  stataa,  and  band-  and  Impurity  atataa,  (111)  Inalaatlc  light 
acattarlnq  experlsmnta.  A deatinotlon  la  made  batwaan  aathoda  which  ylald  ths 
energy  dlatrlbutlon  function  and  those  which  qlvs  inforSMtlon  on  tha  anlaotroplc 
dlatrlbutlon  of  hot  carrlsra  In  tha  maeiantum  apaoe.  tha  letter  axparlstante 
Involve  s datsrsiinatlon  of  the  elactrlh  field  Induced  dlchrolssi  In  absorption 
or  amlaalon  and  tha  dapendanca  of  tha  aoattarlnq  crosa  aactlon  on  acattarlnq 
gsosMtry  in  Inelastic  light  scattering  asparlsMnta.  Tha  Influence  of  tha  non- 
aqullibrlum  phonon  dlatrlbutlon  on  tha  Interpretation  of  tha  axparlaantal 
raaulta  la  dlacuaaad,  too.  In  addition,  currant  work  on  energy  dlatrlbutlon 
functlona  of  hot  carriers  In  quantising  Bwgnetlc  fields  aa  obtained  from 
absorption  or  emission  of  infrared  radiation  due  tO  transitions  of  carriers 
between  landau  states  or  magnetic  field,  split  Impurity  states Vill  be  presented. 

* Supported  In  part  by  the  Dautscha  Porsohungsgamslnsohaf t , 

**Prsssnt  addresai  Exparlmsntslls  PhysDc  IV,  UnlvarsltUt  01m,  Gsrmsny. 
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. 1 WIMlUJi.  liT 


i.'iwuiiim.  yssks  il.--  rhe  sxperUrntal  attsaqit  to 
Invettlyate  (he  non  Hixwelllan  electron  dlstrlhutlon 
was  made  uii  the  basis  of  ths  fie  Id -dependant  p)toto- 
limuiascenca  s|wctnm  and  the  result  was  slaooratsly 
ixsfisrsd  with  Muntp  (arlo  calculation  Including  ail 
possible  scattering  nechanisms.  Ihe  photoliadnsscers:# 
spsctrvm  dim  to  haxxl-to-bmtd  or  band- to- acceptor 
transition  In  OaAs,  CaAsP  and  M(isAs  was  esaaured 
isxler  high  elactrlc  fields.  ^ in  alxsd  crystal  with 
s sesll  energy  srparsflon  betimon  Pend  X valleys, 
s prculiii  i-lrctron  di«lriliullon  lesultlog  I'roe 
dominant  interval  Uy  scsttsrlng  of  hot  slactrons  wee 


obsoTved  at  lelatlsely  lowsr  oloctrlc  flolds  than  In 

H.  TnkMiaka,  J.  Shirafujl,  and  Y.  ImUthi, 
Proc.  Intam.  Conf.  Phys.  of  Smicand.  (1976) 


Carriy  DiatrXbution  function  lot  Warm  Kle<  trona. 
i.  suieOTTnaKi  and  M.  nCMltTT,  tfalyaralty  of  Toronto*. «« 
Tha  prlficttMl  ot  a^al  a*prlorl  probafrllltlaa  la  uaad 
to  dadttca  aoaia  of  tha  genaral  propoctiat  of  th^  dlatri* 
bution  function  in  tha  praaanca  of  aatamal  flalda.  A 
trial  funetlon  for  tho  tranaport  aquation  ia  oonatru  tad 
and  a oloaad  forai  aolution  ia  found  that  la  appllcabla 
In  tha  wam  alactron  ranfa.  A conparlaon  «rlth  aaperi- 
nental  data  for  drift  velocity  in  qarnanlvai  and  tn  atU* 
con  qivoa  aacallant  aqraaawnt  ir  tha  «tam  alactron  ranqa. 
*iupportad  by  National  taaaarch  Council  of  Canada. 
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^ 6 Hoi  I It!  iruni  whI  Phnnoni  uP'*(f  Hith  lnl*nilly  Photo* ndUtlon  of  SamIconOucton 
IAt;t)f>f  SHAH,  B*U  rrltrhnn*  ,^abrflortn.  Hohndtl  (30  mm  ) 

It  ha*  bocnm  woU  •atabllohcd  during  tho  laat  f*w  yaara  that  intanaa  photo- 
aacttatlnn  nf  a aani conductor  with  photon*  of  anargy  largar  than  tha  bandgap 
anargy  load*  to  tha  haatlng  of  tha  photoaxcitad  oarrlara  and  tha  ganaratlon  of 
nonagulilbrlvaa  phonon*.  Thaaa  phanoxMn*  raault  froai  tha  ralaxatlon  of  photo- 
axcltad  oatriar*  to  tha  band  tilniataa  or  naxlata*  by  lataraotlon  with  othar 
carriara  and  by  amlaalon  of  phonon*.  At  ralativaly  low  Intanaltlaa  (<  10’  N/ca^ 
for  OaAa)  tha  photoaxcitad  carriar  dlatributlon  ta  Haxwalllan  with  a cacriar 
tamparatur*  Tc  dlffarant  from  tha  lattloa  teag>aratur* . Tq  aa  high  aa  ISO  K 
and  phonon  tamparatur**  a*  high  a*  900  K hava  baan  obaarvad  in  GaAa,  Tha 
obaarvad  variation  of  Tf  with  axcltation  intanaity  load*  to  tha  conclualon  that 
In  aaail  conductor  a Ilk*  GaAa  th*  polar  optical  laoda  acattarlng  la  tha  dominant 
•nargy  loa*  amchanlan  from  tha  alactron  ga*  to  tha  lattlc*.  Tha  undaratanding 
achlavad  through  auch  axparlmanta  in  GaAa  and  CdSa  anabla*  ua  to  pradlot  with 
raaaonabla  confldanca  th*  carriar  tanparatura*  in  aaai conductor*  in  which 
polar  optical  axjda  acattarlng  doalnata*.  At  highar  intanaltlaa  <>  10*  W/cm* 
for  GaAal,  th*  carriar  dlatributlon  bacomaa  non -Haxwalllan  for  raaaona  not  wall 
Iindaratood  at  praaant.  W*  will  alao  diacuaa  aoma  racant  maaauraawnt*  of  varia- 
tion of  Tc  with  axcltation  wavalangth  and  of  th*  tranamiaaion  apactra  of  photo- 
axcitad GaAa.  M*  will  alao  oonaidar  th*  iagtllcationa  of  carriar  haatlng  in 
Intarpratlng  othar  high  intanaity  axparlmanta. 

A 3 F«twnm*ntal  and  Thaorvtiral  Low  Inlantity  Pholoaxctlation  nianomana. 

R G 111  BRICH.  Ihiiiiui  fiir  Av»t  Unirmitki  Donmuitd.  Fedtral  RtpuMc  ofGtrmany  (30  min.) 

Hlgh-raaolution  aaiiaaion  apactroaoopy  of  band-to-iaipurity  optical  tranaltion* 
in  GaAa  la  uaad  to  maaaur*  th*  anargy  dlatributlon  function*  f(E)  of  alactron* 
and  hola*  In  optically  axcitad  carriar  plaama*  at  wall  dafinad,  low  danaitiaa 
(10*  cm-3  * n a 1o’*  cm"*).  With  thla  axparlmantal  mathod  wa  proba  (1)  th*  an- 
argy ralaxatlon  of  Initially  hot  carriar  dlatributlon*  aftar  pulaad  photoaxclta- 
tlon  (hw»Eq),  (11)  atationary  non-aqullibriuxi  dlatributlon*  of  alactron*  in  th* 
conduction  band  undar  cw  photoaxcltation  (tlwtE^)  and  (ill)  tli*  tranaport  pro- 
partia*  of  photoaxcitad  carriar  plaaauia  in  low  alactric  fialda  (0a|fl<20  V/oa)  . 
Tha  obaarvad  dlatributlon  function*  ara  comparad  with  thaoratical  raaulta  on  th* 
baaia  of  tha  Itnown  band  atructur*  data  of  GaAai  taking  into  account  polar  optic 
and  acouatlc  phonon  acattarlng,  th*  intaraction  among  tha  carriara,  lonlxad  im- 
purity acattarlng,  and  ualng  approximat*  aolution*  of  th*  appropriata 
tranaport  aquation. 


Cnntribtttt^  Paptr 


M Aon-EgulHbrlim  PHtrlbutlen  Ranttlon  of 
Carriara  in  Saalcondimtori.  A.  aABBEF--*  Oanaral 

fora  of  tK*  carriar  Jlitrlbutlon  function  In  aaal- 
conductort  in  t)i*  pratanc*  of  an  aitamal  alactric 
field  and  a ataady  flow  of  carriara  la  praaantad. 

It  la  ahown  t)i*t  thla  dlatributlon  ftoictlon  raducaa 
to  aoma  wall  known  foraa  undar  certain  alapllflad 
condltlona.  Some  of  th*  lapllcatlona  concamlni 
tha  arfodlc  hypothaala,  tha  fra*  anargy  and  entropy 
ar*  dlacuaaad.  Th*  acattarlng  aachanlim*  *r*  takan 


Into  cobaldaratlan  In  two  dlffarant  approach** : 

1.  a pbaaoaano logical  approach  In  which  w*  lagulr* 
that  th*  avarag*  aoblllty  of  carriara  ftr  a given 
field  la  baxlaim.  Thla  criterion  la  ahown  to 
radne*  to  th*  wall  known  prlnclpl*  of  alnlmm  fra* 
anargy  and  conaaguantly  anxlaua  entropy  at  t)i*ra*I 
agutlibrtim.  2.  a apaclflc  acattarlng  aachaalaa  la 
canaldarad  In  aattlng  up  th*  anargy  balance  aqua- 
tion. TTm  akaanoaa  and  cut-off  valu*  of  th*  deduced 
dlatributlon  ftmetion  ar*  given  direct  phyaical 
latarprrtatlona.  Th*  variation  of  aoblllty  with 
taaparatur*  la  praaantad  and  la  found  to  agra*  with 
axparlaantal  raault  fairly  wall. 


IBCMION  ■:  OCVICU  AND  BULK  TRANBPORT 

Wadnaaday  efietwoan,  • Ally  1t77.  Qaldan  lapaBuMat  Z.OOR.M.;  R.  Bata,  pfoaMIng 

/aaliad  Rq/ar 

B 1 Kcvmw  of  Thaontkal  and  Eapahnwnlal  Aapacta  of  Hoi  Electron*  In  DavtOa* 

H KROEMER.  fVparrnwnt  o/£(arrrfr*(  lajIncrHhf  and  CompwlarSrlanc*.  ((hlvamiy  of  Caff/ornla.  SanM  Barbara  (30  min.) 

Much  of  th*  aariy  raaaarch  on  hot  alactron  affaots  In  davicaa  utlllaad  a quaai- 
atatlc  local  modal  In  which  th*  looal  carriar  drift  valocity  waa  aaaumad  to  b* 
an  inatantanaou*  function  of  th*  looal  alactric  fiald.  Th*  point  of  dlninlahlng 
return  for  auch  nodal*  haa  tiaan  raaohad,  and  raoant  work  ha*  atraaaad  non-looel, 
non- inatantanaou*  dynanloa  affects.  For  axaaipla,  tha  alactron*  In  GaAa  and  InP 
oannot  aoattar  into  tha  aatalllt*  vallay*  until  they  hava  aoquirad  tha  naoaasary 
anargy,  which  raqulras  both  apao*  and  tlM.  Th*  apatial  conaaquanoaa  laad  to 
draatic  drift  valocity  ovarahoota,  which  laiprov*  th*  parforaanoa  of  PBT'a  but 
dagrad*  that  of  TB  davicaa.  Th*  atatio  nagatlv*  diffarantial  oonductano*  of  th* 
lattar  is  alao  influancad.  TIta  taa^ral  oonaaquanoaa  Bovarn  tha  ultimata  fra- 


7oa 


I 


I 


quanoy  Itaita.  particularly  of  Tl  dovioas.  Tha  lltyhar  tha  flalda,  tha  hlqltar 
tha  apaad.  Nanea  LJA  oparatlon  la  not  tha  fastaat  oparation,  and  Inf  la  faatar 
than  OaAa.  Hypothatloal  auparlattlaa  naqatlva  oohduotanoa  doas  not  of for  tha 
apaad  advantaqa  of tan  olalaad,  Tha  dynaaioa  affoota  dapand  on  tha  atronqth  of 
tha  Intarvallay  acattorlnq,  and  on  tha  forward>aaattarlnq  natura  of  polar  acat* 
tarlnq  In  1II>V  joapounda . At  hiqh  flalda  tha  two  affacta  conblna  to  a laaa 
rando*  alactrun  dynajaloa  than  tf  tha  hlqh  alactron  anargy  woro  purely  tharaal, 
laadlnq  to  nolaa  roductlon,  and  ala^llfylnq  tha  alactron  dynaaioa,  giving  good 
qualitative  Inalghta  without  Mioh  nathaawtlca.  Tor  a quantitative  analyala, 
aeveral  nuaarloal  technlquea  have  bean  davolopad.  Dlaplaoad-Mamrolllan  tach- 
niquaa  ara  reaoonahly  alapla  and  give  a good  qualltatlva  account  of  tha  davla- 
tlona  froai  quaal-atatlc  aodola,  but  ara  Inoapabla  of  nodollng  quantltatlvaly 
the  effecta  of  tha  aharp  taargy  Thraahold  of  atrong  Intarvallay  ecattorlng. 
Perhapa  tha  beat  technique  la  Raaa'  aodallng  of  the  actual  dlatributlon  function 
by  t law-dependant  auparpoaltlon  of  a carefully  ohoaan  aat  of  ad-hoc  functlona. 


i'ofttnhurej 

R.  Hof  Klrct ron  Tfrfport  In  Fl»14  KffHCt 

Tran«ft^»  GUt  llll  an^l  T.«.  NcMUCIIr  Unttid 

T»chnoloqtt»»  Haa  . Can . b#«i  conductor  dctloc* 

MV  b#  pls'^p-d  In  on*  of  two  grxHipa  •coordin9  to  vHctbar 
hot  ^Iwctron  ar*  or  ara  not  rcaponolbl*  for 

th*ir  apf>raftt>n.  Gunn  naclllators  fall  Into  th«  fer«*r 
cafaoory  wha»r*aa  FET  ''avicaa  ara  In  th*  lattar.  Currart- 
ly  uaad  fTT  Mt«*rlala  suct^  aa  '"eoAB  ara,  h<.arav«r,  avtojact 
to  *la<'tron  tranafwr  with  atgntflcont  na^ativa  d>  ffacan- 
tlal  wnbllity  and  Gavloa  ofHiratton  My  ba  axpactad  to 
raflart  thia  contribution.  «M  havr  davalopad  a pro^rM 
that  niweriraliy  aioulataa  tha  apar*  and  tlM  dapandant 
affacta  of  ryaqatlva  diffaranttal  •obillty  on  FET  opara* 
tion.  Mr  win  illiMitratat  (1)  tha  tranaiant  foraatlon 
of  high  fiald  dnatai  na  within  tha  <x>n4uctinq  channal  and 
iT>ndltinna  nacaBaary  for  propagation  and  racycllnq  ba* 
rwi-an  tha  gata  and  drain  contartai  (2)  atat ionary  apaca 
c'harqa  rrmf  Iqut  at  lona  apacific  to  tha  proaanca  of  naq- 
ativa  dlffaranrial  pobllityi  and  (1)  tha  InfliMnca  of 
nrgativw  diffarantlal  ■ability  on  tha  PET  raapooaa  tiMa. 
*Si4>prrtad  by  tha  Offloa  of  Naval  Naaaarch. 

bi-  Traoafarra4  Ilactroo  Effacta  to  a^^aAa  Md  a-tnf 
Undar  Hydroatatlc  W.  Ctubatti.  H.f.  Itrw  aod 

H.P.  Shav,  Wapna  Stata  U. •-Exparlanntal  raaulta  trill  ba 
praaantad  ahcnrlni  tha  variation  of  tha  paak  valoclty, 
paak  alactrlc  fiald  and  aaturatad  valocltp  of  tha 
valocltv-f laid  curva  for  n^CaAd  uDdar  hydrottatlc  pfaa- 
aura.  Slallar  data  will  ba  praaantad  for  tha  fiald  at 
paak  valoeltp  for  n«InP.  Tha  axtractlon  of  tha  data 
fro*  tKa  rurrattC*woleaga  characcarlatlca  la  baaad  oa  am 
asploitatloB  of  tha  Imfluabca  of  tha  boundary  condltiaoa 
on  tha  nanlfaatatlon  of  tranafarrad-alactron  Inducad 
(Ouno)  currant  Inatabllltlaa.  Our  raaulca,  lAlch  dlffar 
aonawhat  fron  choaa  of  Vlnaon  at  al.*,  will  ba  coaiparad 
with  our  Honta  Carlo  calculatlona  of  tha  valocity-flald 
curvaa  for  thaaa  Mtarlala.  Thia  coaparlaon  ahould 
allow  ua  to  varlfy  inportant  conduct  Ion -band  paranatara 
auch  aa  tha  anarglaa  and  affactlva  aaaaaa  of  aubaldlary 
nlnlM  and  tha  coupling  conatanta  for  Intarvallay 
acattarlng. 

agupportad  by  OMt  undar  contract  ll-'0014-75<-00)99 
If.J.  Vlnaon,  C.  Plckarlag,  A. ft.  Adana,  W.  fawcatt  and 
C.D.  Pitt,  froc.  Dth  tnt.  Conf.  Samlcon.,  ftona  (1976). 

•4.  Ht^^flald  Propartlaa  of  n*thF  undar 
Frtaamt.*  T.  ftoTayaahl,**  ft.  Takahara,  T.  Klnura,  ft. 
ToMnoto  and  K.  Aba,  ftoba  Unlv..  Japan~-Tha  hl^  alactrlc 
fiald  propartlaa  of  e^InP  at  '100  ft  hava  baao  atudlnd  aa  a 
function  of  praaaura.  Pydroatatlc  maaouramanta  ara  nadt 
in  tha  platon  and  cylindar  apparatua,  ualng  liquid  praa- 
aura-trananittlng  nadium.  Tha  thraahold  flalda  (IL)  for 
tranafarrad  alactron  Inatabllltlaa  range  fron  7.1lnr/cN 
to  8.^  kV/cn  at  atnoapharlc  praaaura.  '^a  raaiatlvlty  of 
tha  tanplaa  Incraaaaa  with  lacraaalng  praaaura.  Tha  vat 
raliabla  raaulta  ahow  that  t la  allghtly  Incraaaad,  but 
la  not  aanalctva  to  praaaura  balow  40  kbar.  Thaaa  bahav* 
loura  can  ba  aaplalnad  qual  I cat  Ivaly  In  cama  of  poaalbla 
band  atructura  rhangaa  and  praaaura  affacta  on  tha  alnc' 
trlral  cuniacta.  8y  ualng  known  variation#  of  paranatara 
auch  aa  affactlva  Mat  and  aub>band  anargy  gapa,  datallad 
chaoraclcal  ralculatlona  ara  rarriad  out  to  fit  tha  data 
and  to  confirm  tha  corract  nodal  of  oparatlon  (eva-  Of 


thran-laval  oparatloaa).  Thalr  raaulta  nnra  alao  con- 
parad  vith  an^ogona  aspartnanta  an  OnAa. 

*8uhNdttad  by  ft.  ^mmmoto. 

**8upportad  la  part  by  tha  Grant-In-Aid  for  Iclnntlflc 
ftaaaarch  Iras  tha  Mlalatry  of  Education, 


85.  Praaaura  a covoaltAon  DapnoVnea  ai  MiV  Fiald 
InaUhllirtiff  AlloyaV  and 

A.ft.Afikw,  Oaivnraity  of  lurmy,  UK,  arid  M.L.YOUM, 
n.f.ft.ft.,  haldook,  OK.  — KxpnrlaaAtm  and  thnomtlcal 
atudlaa  havn  hnnn  nada  of  alnotrcn  tMmupowt  and  hot 
alactron  affaata  iji  inAa^.^Pg  aa  a fuaotlen  of  alloy 
oonpoaitlon  and  hydroatatic  praaaum.  Pulaad  1-V  nnn- 
auraaanta  wnra  nada  on  ■ ahapnd  aaa^lna  to  datacnina 
tha  thmahold  fiald,  Ky,  arid  tha  cuEYnnt,  tj.,  for  tha 
onaat  of  hiqh  finld  iaatahtlitiaa.  Thaaa  wara 
with  Itonta  CneIo  oalcuiationa  of  tha  valocity  fiald 
eharnotariatiaa.  At  ataoaphane  praaaura  and  a <0.3 
tha  high  fiald  laatabllltiaa  warn  cauaad  by  avalancha 
■ultlplioation  arid  at  x >0.1  by  Ounn  affoet  and  Ex  in- 
oraaaad  ataadlly  with  ■ fron  0.9kV/an  in  XrJka  to  ‘^kV/ 
cm  In  lap.  For  ataplaa  with  a 0.3  a praaaura  of  IXbar 
produoad  an  incmaaa  In  Iq  alnllar  to  a 1%  Incraaaa  in 
X,  whila  for  x go, 3,  Iq  rani 1 nod  constant  or  avnn  da- 
oraaaad  with  iacmaalnq  praaaura.  Thaaa  vaxiationa  of 
Bq  ia  cha  ovn  mqlaa  ara  in  aqraoMnt  vilti  tha  thaora- 
tioal  calculatlona.  To  try  to  dataxiUna  abaolutn  valuaa 
for  thn  paak  valooi^  fron  Iq,  datallad  atudlaa  wara 
■ada  of  tha  Kail  affaot  aa  a funotioo  of  x,  praaaura, 
taaiporatura  and  aavAtic  fiald.  Tha  fgonita  and  calou- 
lationa  qiva  iofoE»atlon  about  tha  olloy'a  uaafulnaaa 
for  Plaid  Ifdoet  Tranaiatora. 


•6.  Wot  liactroii-  dad  itagnato^Tranaport  Propartiai 
of  GalaAa^  Livid  Fhioa  Epitaxial  LayartT.  ft.  Houaton. 
J-  1.  ftaator#r,  J.  ftT^urka,  MWC  Wtlta  Oak,  Wd;  C.  A. 
Antypaa,  Variaa  Aaaociataa,  Palo  Alto,  CA|  D.  ft.  Parry, 
Offipa  og~WaVar— March,  AriinttOd.  ?A.->  v-E  curvat 
it  ^ 6 Ws  A,  w-'Tiurvat^rron  1.2  to  EfS  ft,  and  rninato* 
raaiatvea  froo  4.2  to  293  ft  in  flalda  to  I T hava  baan 
oaaaurod  on  thraa  aai^laa-  Tha  aai^laa  oara  lattica 
vtchod  to  (111)8  aaoi'lnaulatlai  M auhatrataa. 

Tha  following  tahla  auoBarlxaa  aow  of  tha  raaulta: 


.V 

n(?7  K)xlO'^^ 

^3 

») 

y.Vv-i.c 

(77  I)*10*’ 

cK/aac 

■ V.l 

liUS 

S.6 

1.2 

11. 

IIOOO 

2.0 

I.2S 

42 

6200 

1.6 

Tha  oobllitlaa  u and  "aaturatad"  drift  valocltiaa 
V e ara  iowar  than  axpactad.*  Tha  only  oaclllatory 
■IlMtoraaiBtanca  obaarvad  waa  $hUbnlkov-da  Haaa 
in  tha  aa^ila  with  tha  largaat  n,  fron  which  an  affac* 
tlva  iMaa  can  bo  coi^tad. 

^Supportod  hr  tha  NSWC  Ift  Pimd  and  ONft. 

^M.  A.  Llttlajohrv,  J.  ft.  Hauaar  and  T.  H.  Gllaaon, 
Appl.  Phya.  Utt.  2S..242(1977) . 


•7.  Kwat 

Iv.  It.al.tanca  and  faak  7 

'electty  In  the 

hictWi*. 

W.  C.  Stat^  U.— It  la  ganarally  rooocnioad  that  nagativa 
rnafatanoa  and  paak  valocity  of  Xtl-V  avleonductora 
arlaa  tram  tha  traMfor  of  alaotrooa  at  lorga  flalda 
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(POO)  t*  MaMt  lying  •lnlii«  In 

ii»«  kaml.  Till*  »u4«i  l««4i  t*  fro4i«tl#iio 

t»*«t  (•LgH^v  v«lMt«iog  onn  la 

til  which  th«  0nmrfy  Mfiomfton  h^tvaan  tW  Matral  wallay 
«rwi  higrMT  alniJM  !•  ••  lango  ••  po—ihXm»  Om  ternary 
Mta-Ui  which  eppeare  fawerahle  oo  thle  baal*  !• 

A1  with  bM).?!  •lace  the  aafiaratLoa  U around 

1 •v’^wlth  a pradictad  low  field  aohlllty  of  Li«000 
ca^/V-s«c.  However  Monte  Carlo  high  flalg  traaaport 
calcuiatlcma  have  not  reaultad  in  the  •epactad  large  paak 
velocity  fhr  thla  naterlal.  The  peak  velocity  haa  bean 
found  to  be  Halted  by  ftndaaertal  prooaeaea  ooourrlng 
within  the  oentrel  valley.  Theea  effecta  appear  to  be 
related  to  non-perebolloity  and  glva  rla#  to  a peak 
velocity  and  a negatlva  reaiataooe  region  for  carrl«*a  in 
only  the  oentrel  valley  without  high  field  trenefer  to 
higher  lying  ninine.  Theea  central  valley  Unite  haw# 
alao  been  caloulated  for  OaAe  by  confining  oarriere  to 
the  central  valley.  However  for  GaAa  the  tranefar  of 
carriara  to  tha  upper  valley  la  found  to  occur  before 
theaa  fundeaefital  central  vallav  llolta  ocour. 

^Supported  by  tha  Office  of  Navel  feaearoh,  Waah.,  D.C. 

na.  Travailing  D1 po 1 a Ponal na  and  fluctuatlana  for 
a Cu/rant  Inatablllty  Pua  to  grage-tcattatioa*.  >» 
•triTTIKEh,  H.  THQMM.  Unlvaralty  gaa#!.^^  IrreaatlQata 
tha  atabillty  of  unifom  and  nonunifom  currant  atataa 
for  a aodel  in  which  Aragg-acatterlna  of  hot  alactrona 
laada  to  bulk  negatlva  dlfferantlal  conductivity.  Tha 
•yaten  la  deacrlbed  by  phe  ncaenologleal  balanca  POea* 
tlona  for  momrnnttm  and  energy  danaltiaa  of  tha  carrierai. 
Por  fined  total  currant,  we  find  a faailly  of  periodic 
travelling-wave  aolutlona  «dilch  are  unetahla  agaiJMt  a 
continue  of  nodaa,  and  a aolitary  aolution  (dlpeta 
doenln)  i^lch  can  be  atebillted  by  coupllnf  to  a aelt- 
able  extamal  circuit.  If  tha  static  detain  ii^edanca 
la  negatlva.  Tha  nodal  deacribea  therefora  a dlacon*' 
tinuoua  nonequlllbrlun  phaaa  tranaltion  to  a larfe> 
a^lltude  donaln.  In  ordar  to  atudy  fluctuat Iona , wa 
add  atoehaatlc  forcea  to  tha  balanoa  aguationa  and 
dlacuaa  tha  raaultlng  fluctuation  apectra. 

*Supported  by  tha  9wlaa  National  tclanee  foundation 
ia.  atsttihar,  N.  Ihoona,  fhya,  iev.  Lett.  21'  (it?'’) 

»t  High  riald  Tranaport  In  fbta.  N jumcn,  J. 
nozniaeNCg,  h.  KtXVNSeil,  Johannea  Kapler  Pnivaralt^. 

— The  drift  velocity  and  ^11  coafflclant  of  n-  and 
p*typa  FbTe  at  7?K  wera  naaaured  for  varloua  cryatallo* 
graphic  directiana  of  current  up  to  field  atrengtha  of 
l.t  kV/cm.  Noth  the  conductivity  and  the  Nall  affect 
are  aniaotroplc  and  tha  latter  dapenda  alao  atranfly 


4i«  the  nafhatu  field,  fhaaa  atfaota  ar»  attri^ted 
ta  Mmmilem  haatiag  of  the  afwivalant  oonduat  ion 
» nfrf  f*  valloya  of  fbTa  and  agulvalant  intervaliey 
trenafar.  for  field  atrengtha  bafonJ  1 kv/cs  oecilla* 
tiofw  af  the  current  and  the  potential  dlatrlbution 
ocour.  The  Matl  coefficient  decraaeea  aharply  abov# 
thle  threehold  ii^lcating  ayalanche  braakdowrt.  Probing 
the  patential  diatrUnition,  it  coeld  be  ahown,  that 
thia  gaatahility  la  caused  by  high  field  douaina,  which 
travel  down  the  aeuple  with  the  drift  velocity  of  the 
cerriera.  Poaaibla  uachanleaa  for  the  formation  of 
high  field  doaaina  are  dtacuaaed. 

aiO.  Pat  Cerrlera  In  IM»  (3»icoa«iii4l— ■ I.H. 
TCMCNUK.  V.A.  gPMDghCH/tKlJ , laatitutu  for  rhYtica, 
imr.  hcadeay  of  gciencea,  Kiev feet  of  the  heetinq 
electric  field  on  galvanouagnetic  coefflcienta  of  leed 
chelcogenidee  la  ated  theoretically  with  account  for 
the  OBUpllcated  ah-*^  of  conatant-enargy  aurfacea  and 
tha  aniaotrepy  of  acattarlng  uachanlaMi.  Tha  calcula- 
tlona  are  cerrled  out  on  tha  baala  of  tha  approaiuatlona 
which  wera  ahown  raallatlr  for  tha  a«  Satancaa  within 
conaldarad  range  of  teuperaturea  and  Held  Intenaltlea^ . 
Character iatic  property  of  hot  cerrlera  behaviour  la 
ahewn  to  diatlnguiah  lead  chaXcoganidea  froe  Qm,  Si  or 
Ajg^  aeuleanductora.  Anieotropy  of  tha  energy  die- 
peralon  aaeantlally  affeeta  both  tha  cerrlera  dlatrl- 
bution function,  due  to  the  dependence  of  tha  electronic 
teuparatura  on  tha  anieotropy  peraautar,  and  the  vaiuea 
of  tha  kiaetic  ooaf f iclanta. 

^p.H.  Toabhuk,  V.A.  ghengarovakl),  Ukr.  ria.  Eh.  £1,  la, 
(IfTg) . 


■u.  Illy  IrftnmPf  of  AUgf  op  Mlat.  rfi4 

avaiittiWpiTC  »^r.ay‘5"ii;..oir^ 

».  C,  tnt«  U.--Thl»  p*p«r  will  prMmt  • Nodta  CU'lo 
•nlMtion  at  the  ,ff*ct,  of  ranAai  potontlal  alloy 
aoattviot  on  hlfh  flald  tranaport  propartlaa  of  SalnfAa, 
Galnflk,  and  AUnfAa.  Tha  antanalon  of  a tarnary  randan 
potanti^  nodal^  to  tha  fnataroarlaa  «111  ba  dlacutaad. 
Tha  nanaar  In  which  quatffawry  natarlal  paraaatara  ara 
pradlotad  will  ba  praaantad,  and  tha  Influanca  of  tha 
aoattariai  potantlal  and  flap*aa  ot  ordarlof  on  tranaport 
propartlaa  and  aaalaia  aoklwvaabla  A-lft  valoclty  will  ba 
addraaaad,  A briaf  dlaowaalon  of  tha  affaot  of  alloy 
acatta-lai  on  davloa  fl(<a^  of  aarlt  will  alao  ba  glvan. 
^J.  M.  Hoarlooa  and  J.  %.  Hauaar,  Phya.  Rov.  B U BM7 

(irtt). 

by  tha  Offlaa  of  Mawal  Raaoareh,  Haahlngtoa, 

O.C. 


IKWIOM  C:  MOCTLV  MMffT't  ( 

Thuraday  momtna.  7 My  1*77:  OoMai  la^a  Mia  M MO  AJN.;  A.  foadw,  pMotdlao 

hmitd  Hptn 

.A< 

C I Trampon  of  Hot  Canton  In  Samicondtictw  QwantUad  tnvanton  Lajra* 

D.K.  PERRY,  Ofjtc*  of  NtrrtI  Arltigron.  Pa  (30  min  ) 

IBM  traaaport  of  warn  and  hot  aarrlara  In  quantlaad  Inwoittton  lajrara  haa  racantly  baeoma  of  eon- 
aldarahla  Intaraat,  duo  In  part  to  tha  Buoat-two-dlaanatahal  natara  of  tha  oarrlar  oyatoa  and  to 
tha  nultttuda  of  auhbonda  praaoat.  dan  oral  ly,  tha  mabar  of  aarrlara  In  tha  lawtralon  lajrar  la 
aufflelantly  larga  that  eorrin-^trrlor  ocattarlnc  aalataloa  a piiaal -Marvwlllan  for  tha  laotropic 
part  of  tha  dlatrlbution  funotloa,  but  tha  Intar-aubbaad  Intordctlona  ara  ouffletantly  weak  that 
aooh  tubband  poaaaaaaa  a aaparata  alactron  t«paratura.  Tha  troatadot  of  earrlor  traaaport  can 
ba  naturally  aaparatod  Into  two  rodlnaa.  In  tha  first,  tha  oarrlars  ara  hot  In  thla  raflna, 
tha  transport  can  ba  found  frea  aoarcy  and  aoaantim  balaaca  aduatlona  and  tha  tranaport  dlffart 
llttla  frea  a elaaalcal  thraa-dlaKhlonal  aadal,  aacapt  la  tha  flald  rsclon  In  which  Intsr- 
subband  transfar  of  earrlsrt  la  laportont.  la  thla  flald  rues,  aubtls  ohanaas  la  tbs  valoelty- 
flald  curra  ara  ebasrwad  and  significant  affaeta  ars  found  la  tha  aderowava  eeeduetlTlty  at 
fraquanclaa  on  tha  ordar  of  tha  Intsr-subband  rapopulatlon  rats.  Ta  tha  wara  slactroa  ragtas, 
howarar,  for  low  and  nodarata  alactrle  ftslds,  tba  daganarsta  aaturs  of  tbs  oarrlar  dlatrlVutloa 
function  oust  ba  conaldarad.  Although  tha  alactron  taaparatira  eoneapt  ramalns  ralld  la  thla 
raglaa,  tha  agraaaant  batwaan  thaory  and  tnparlatnt  li  not  good  and  tha  lack  of  thla  agraaaant 
aakaa  It  difficult  to  aaaata  tha  phyaleal  prooaataa  oeeurrlng.  Tha  altuatlon  la  eaaplleatad  at 
low  fptTaturaa  whara  noay  of  tbs  acattarlng  BSehanlaaa  ara  ant  fully  uadsratood  and  tha 
oarrlar  dsnsitlsa  and  transport  can  show  aettratlen  bohartor.  Tills  lack  of  undoratandlng  ta 
sspoelally  trus  la  warn  carrisr  aagaato-transport . Por  thla  rsason,  ears  aust  ba  aaarolaad  la 
araluatlog  tha  rols  playad  by  tba  alsstrto  flsld.  In  this  papar , thasa  rorioua  raglBsa  ara 
dlsoussad  and  ooaparod  to  tho  arallohlo  oaporlaontal  data. 
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C 2 Mvww  of  f Aapocii  of  Hot  BifWtioo  Tnm»ort  In  MOI  StflMtum. 

R HIM.  Angtwandte  PhyUk  ^md  iudM$  Boittwmnm  Imtimt.  (30  min.) 

A r«irl*w  of  c«rr l*r**oblXlty  ■•oturooontt  In  •ilieen  invornloo  Xojroft  It  glvon 
with  tptcltl  ••phtal*  on  hlgh-fltid  phtnootoo . Mttturtoontt  rtportt4  in  tho  litf 
rtturt  h«vt  l)«*n  ptrforntd  in  • rAnst  of  Itttiot  ttpptPttarot  0.03  K S T.  i SOO  K 
for  tltctrlc  (let  iti'f  itXdt  0 < C A iO*V/oa,  which  host  the  oherge  ocrrlcrt  Qp  to 
••vortl  thounend  dtgrttt  Ktlvln.  Muscrouo  treneport  qucntltlct  htvo  htca  sccturtd 
in  thit  trtctndout  ttaptrtturt  range.  Bpocltl  ooneidtrctioo  it  given  to  i eonduo- 
tivityt  offoctlvt  end  Hcli-noblXlty , •tgnttorctittenet  end  Shubnikov  • do  Heat  of* 
fact,  tht  war*  tXtetron  eotffieltnt  A and  the  aaturation  dri ft -vaXooity * Moat  re* 
tuXta  avaiiabXt  arc  for  n*channtX  NOB  davleaa  on  (I00)|  (XIO),  and  (IXX)  tilieon 
■urfaoat.  Only  f«w  ratultt  art  publlahtd  for  tht  p*channtX.  Tht  raaultt  art  coa- 
partd  with  txptrlatntaX  fXndingt  for  bulk  aattrial.  Tht  coaparlton  thowt  that  no 
drattlc  difftrtnett  appear  at  ttaparaturtt  above  XO  X and  high  electric  fltXde. 
Only  the  aaturation  vtXocity  of  invertlon  layert  la  lower  and  tht  ttaperature  and 
fitXd  dtptndtnct  of  tht  conductivity  it  wtaker  aa  coapared  to  tht  bulk.  At  teape- 
raturtt  below  XO  k,  however,  activated  eondaot  l.ltl..,  tl>nt  a>co*fft«l.nt.  and 
in  I ha  high  flald  raglon  a voltaga  eentrollad  aagatl.a  dlffarantlal  raalataoea 
are  obaarvad. 


Comtfihuled 

C3.  Par  Infrarad  aalgalon  Hot 

In  Sl-Inveral^Tiayfra  ■ ‘-nsmrrrss 
RoTmdeT,  NJ  ani  6.  C.  TSUI,  Bell  Lftti. 

Hill,  NJ — We  observed  narrow-band .voltage 
tunable,  far  Infrared  ottiesion  from  hot  elec- 
trons  In  the  Inversion  layers  of  n-ohannel  81 
aetal-oxlde-semlconductor  field-effect  traneis- 
tors.  The  hot  electrons  were  created  by  apply- 
ing a pulsed  electric  field  along  the  channel 
and  the  radiation,  emitted  by  the  electronic 
tranaltlon  froa  the  two-dlaensi onal  excited  E, 
subband  of  the  inversion  layer  to  its  ground- 
state  E subband,  was  detacted  and  analysed  by 
using  a^Oa-doped  Oe  detector  in  oomblnation 
with  several  narrow-band  filters.  The  data 
yielded  information  on  the  electric  field 
dependent  electron  temperature  and  the  hot 
electron  relaxation  process  In  tha  Sl-lnverslofi 
layers . 

C4 . wolae  of  Hot  Carriera  in  the  Channel  of  n Mdideen 
Junction  Gate  field  tffect  Tranai^tors.  D.  BOOIWl,  II. 
aoLLAND,  u.  tacoT,  J.y  fiauQXpJi.  univrsif'dea  tciaacaa 
at  rechniyi—  du  Languedoc The  noise  tamperature  Tglf) 
of  bulk  n'typa  alllcon  at  iOOK  and  77K  has  bean  eeasured 
varaua  electric  field.  Theaa  result#  are  oaad  in  the 
preaant  paper  to  Invaatioata  tha  noise  Ia  the  chsaasl  of 
n-typa  ai  Icon  J.C.  rcT'S.  A aimpla  <A‘^iMr)elonal  medal- 
llf>9,  pravloualy  uaad  for  datarminst  lorn  of  tha  1-V  chsrsc- 
tariatlca,  la  uaad  to  datarmina  numaricslly  tha  potential, 
and  tha  alactrlc  field  at  every  point  of  tha  chanael ■ This 
allowa  to  'oaputa  T^(B)  and  hence  to  deduce  tha  nolae  cur- 
rant apa>  :ial  density  at  tha  drain  electrode  below  dSain 
currant  saturation,  ntaaa  raaulta  ara  cpeyared  with  tha 
usual  theoretical  aapraaaion  of  tha  thermal  noise.  a|WI 
with  noiaa  axparleenta  performed  by  our  grovp  uainq  S 
pulse  technique  In  order  to  avoid  heatinp  of  the  device. 

The  eqreeawnt  between  theory  end  enpertment  Is  satisfac- 
tory both  St  300K  and  77k.  At  77K,  the  aMseured  and  bem- 
puted  nclsee  are  40  to  100  tliaea  (dspendinq  on  the  tran- 
aiatora  investieated)  higher  then  thoee  pr^icted  by  the 
tttermel  nolae  theory.  This  ifwilcetea  that  tha  esoeas 
noise  la  eaaentlally  due  to  hot  carrier  effects,  and 
that  other  nolae  eourcee.  for  exaaipte  generatien-rooeeK 
binetlon,  do  not  contribute  significantly. 

. Wolae  end  Plffuelon  of  Mot  Hoiea  in  C. 

JAi'OmowiV  G.  a/kCUAMl,  L.  lUKMXANI  end  0.  WMCX, 

%*dena  0.— A recent  attempt  to  Interpret  white  nolae 
date  of  hot  hole#  in  SI  auggeate  the  conflicting  re- 
suits  of  having  an  egullibrlias  carrier  energy  In  the 
region  of  fields  where  non-ohmlc  behavior  ia  clearly 
evident*  This  contradiction  arises  when  different 
theoretical  approaches  which  eaka  uaa  of  a genarallaed 
Nyguiat  relation  at  high  fields  ara  tested  on  the  ew' 
perimental  date  Since,  as  le  shown  on  basic  prlhOl- 
plee,  whit#  nniee  and  diffusion  deecrlbe  the  aaoa 
phyelral  phenoos non , e ■icrnacople  Interpretation  of 
the  ebovn  experimonta  has  been  carried  out  by  mmene 


of  the  determination  of  the  longitudinal  diffusion 
ooefflelent.  Agreement  between  theory  and  experiments 
reaolvse  the  previous  contradiction  and  show  that  the 
Monte  Carlo  technique  can  ba  an  effective  instrument 
In  studying  noise  phenomena ■ 

Ij.L.  tmaden,  H.A.  Nllger  end  m.-a.  Mlcolet.  solld-st. 
Blectron.  U.  XXS  (lf7*S>. 

CB.  got  Hactroa  atuif^n  TUMijiM  D.C.TBUI  sad 

J. N.NCWILL.  Bell  ^s..  Wurraar  ElU,  tJ— dltboumb  tunaal 
iBjaetloD  Is  a vmirSmowB  method  for  crmatlag  hot 
aleetroos,  tommallDg  teeb&lqmea  harm  only  reoently  been 
employed  In  hot  alectroe  studies.  Xa  our  aarllar 
experlmeota  am  ImAa,^  «e  meaeurod  tha  eXeatroo  tempera- 
ture dirmotly  hg  ualag  eupercoodmetlag  tuaaaliog,  sad 
tha  hot  alaetpoo  raXaaatlom  tlma  hy  aalag  the  aagneto- 
oaclliatery  affaeta  la  tuBaallag.  Xa  this  talk,  we  pre- 
aaot  ore  results  om  ntm.  All  that#  rasults  lodlcate 
that  tuamallag,  heiag  samsitirm  to  alaetroaa  eioae  to  the 
jumctlom  laterfaaa,  la  a uaafuX  tool  for  problag  hot 
aloctroB  propartlaa  at  tha  surfaea,  ami  tkua  on^l  smantary 
to  eonveotlooal  taehalques  problag  bulk  propartlaa. 

1.  J.  N.  HoveU  aal  D.  C.  Taai.  Fhya.  N«v.  B 

il9r6)i  D.  C.  Toul,  Phya.  Ntv.  B ^rS9  TTm). 

C7.  Currant  OontroXled  negative  Nas^atance  in  GaAa 
>t  U)..  lypftgtuT,.  v.c.  uw, 

6»m  fclUM.  C.n.n.t..  mmon.  »r«iwi.— T>».  lonlutlm 

of  amallow  donor  in  frease-oitt  regime  by  electric  fie.  1 
at  temperature  lower  than  eoam  critical  one  lead  to  a 
current  instability  typical  of  a cooperative  ayatam.  The 
variation  of  the  Hall  constant  and  the  reelstivlty  (a) 
with  temperature  (T)  and  electric  field  (S)  have  been 
measured  on  coameneated  n-type  GaAa.  - (Mt)  * Mj^)  i 
10^^  - 10^^  cm*'  - the  domain  of  instablXity  in  tha  (o, 

T«  B)  diagram  ia  similar  to  a flrat-ordar  phase  transi- 
tion. The  anaXyaia  of  transport  pampertiea  la  performed 
in  the  dhmlo  end  non-ohmlc  region.  By  eeeuaUng  that  mutu  - 
al Intmraetien  betwmen  the  oonduction  end  the  bound  elec- 
trons would  keep  the  two  syetema  la  aguiXlhrlum  at  tha 
same  aXaotronie  temperature  Te>  the  concentration  of 
oonduetion  eloobamna  la  oeXeuXatad  aa  a function  of  the 
applied  field  t the  reeult  it  in  better  agreement  with 
the  eipmrimenteX  date  then  that  obtained  from  the  Impeot- 
lonlaetion  theory.  When  the  energy  Xeae  for  tha  ionisa- 
tion of  the  Impurity  oenter  is  taken  In  account,  our  cal- 
culation la  in  reaoonnahla  sgreemont  with  the  experimen- 
tal raaulta.  apmelaXIy  ae  regards  the  variation  of  the 
breakdown  field  with  taaperature  and  tha  occurranoe  of 
tha  ineaabillty. 

eg.  HBBlursmanti  of  the  Ndgativt  Diffgrantlsl  Rati* 
ttsncd.*  iV^tEUGEBAlJEk.  g7  LAMuWfHi,  Unlv.  wOrtbu^, 

K.  hT55,  L.  Boltimann  Inst.  M4*h,  G.  OOftOA,  forschungi- 
Ubortiorltfl  dir  Slamtrti  AG  NUnchth.«^--  Tht  vottaga  con- 
trollBd  ndostlva  dlfftrantlsl  ratlttlvlty  (hdr)  of  ft- 
chgnndY  NOS-trshsIstortM  Is  InvastlBattd  in  tranivtrst 
■tgndtic  fldldt  up  to  10  T for  tgmptraturtt  d.fx<T<46  K. 
Thi  tffBCt  of  little#  hoating,  which  was  originally  midt 
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rctpontlbU  for  th*  ndr?)  h«i  bMn  MMlnad  by  vbrylM 
Itnttb  $nd  rtpatltlofi  rtt*  of  tbo  curront  pwloot.  It  It 
iho«<n  that  Uttict  haatinp  U fiot  tha  ratton  for  tho  ndr. 

Tht  ndr  thowf  a markad  dapandanca  on  tha  Mpnatlc 
flald  6:  tha  critical  alactrlc  flpld  atrangth  at  MhUh 
tha  Currant  dropa  la  ahiftad  to  highar  valuaa  and  tha 
paak  to  vallay  ratio  It  Iona rad  nith  Incraaalng  8 raluaa. 


Coayarlna  thaaa  raaulta  nith  tha  charactarlatlca  of  6unn- 
davlcaa  In  iMgnatlc  flalda  na  auapact,  that  tha  ndr  In  In- 
varalon  Uyara  la  alao  cguoad  hy  wt  alactron  affacta. 

1)  Y.  katayaM.  I.  Yoah1da>  h.  utara  and  K.r.  Koautaubara 
App1.PKya.Latt.  K).  1,  31.  WZ 

2)  T.  Sugano  at  aT.  J.  of  tha  Faculty  of  Eng.,  rniv.  of 
Tokyo  ndfll,  1.  1973 


I8ES8IOM  0 OTTICALLV  CXaTEO 

Thunday  atamoon.  7 Juty  1977;  OoMan  Ea^  guMi  al  t .30  F.M.;  R.  LaMx  PMridtag 


fntUtd  Faptn 

D I PicotecoruJ  Spvctixncopy  of  StimoonductOfV  D-H.  AUJTDN,*  BHt  Ladorntoriet.  Murray  Hilt.  (30  min.) 

Thli  t&lk  will  r«e«at  myriMmut%l  studln*  of  oftrrinr  dysMilcfl  lo  inaloonductort 

In  «hSch  «xtr«M»ly  foot  t«mpor4l  mnolutlOB  hnn  bn«B  nebnlTnd  vlth  tho  un«  of  pieoiocotid 
optlenl  pulton.  Spoclflc  topiet  to  ho  dltcuttod  laelud*  trnntlOBt  pbotoconductlrlty , timo 
rotolTod  rofloctloc  tnd  trnfiMlttlon  of  optically  gooorotoA  olactron-bolt  pli— ■>  high 
daoclty  carrlar  transport • and  Augar  raeo^loatlon.  Tlaa  rsaolutlona  Tarylng  from  1 to  10 
plcossconds  bars  bson  obtalosd  by  ualBg  picosscooA  optleal  pulsai  both  for  tbs  tansratlon  of 
earrlsrs  and  for  tbs  asasursMiit  of  thair  dynsBics.  In  tbs  oaas  of  ptaotoconduptlvltr*  f^t 
currant  transiuots  bars  anablsd  tbs  daralopmaBt  of  slaetraaie  daaicss  vlth  ploosstoad  risa 
tlaas.  Prasant  work  on  this  topic  Is  oobcamad  vltb  tha  lafXuiaes  of  hot  carrlar  tbarmsl Itatloo 
ratas  on  translant  pbotocxirraots . Optleal  raflaetlrlty  Bsiawants  vlth  plonssooH  pulsas 
In  OaAs  and  Cd8#  shov  avldaaos  of  hot  aarrlar  thamallaatlob  ratas  of  typically  0.9  sT/ps  for 
carrlar  tsaparatura  In  tbs  raaga  of  10*^.  Tho  Influoaoa  of  aarrlar-carrlar  eoattarlac  on 
carrlar  ralaaatlon  ratas  vlll  also  ba  dlsoussa^.  vltb  rafavoMa  to  raaaat  ■aaauTMsats  of 
carrlar  drift  •sbllltlas  by  ploosaeoad  traasiaat  pbotoaobAMtlvlty. 

*Thls  vork  vas  dona  lo  coXlaboratloo  vltb  C.  T.  Shank,  S.  f*  Ippaa,  0.  Paschka, 

A.  M.  Johnson,  and  8.  S.  McAfsa. 

D 2 On  the  Phybes  of  Ultrafsct  Phsnomena  in  SoUd  Stats  nssmst  * MARLAN  O.  SCULLY.  UniPOrtily  of  Arizona  (30  min  .) 
Ovar  tha  past  half  dacada.  aaaauraaanta  on  a plooaacond  tlaa  aeala  of  tha  nonllnaar  nonaquillbrlua 
optical  propartiaa  of  tha  oarmanlu*  aolld  atata  plaaaa  hava  baan  carrlad  out  In  aavaral  labors* 
torlaa.  Thaaa  Maauraaanta  Uivolvsy  for  axaapla.  tha  ultrafaat  ralaaation  of  optically  axclcad 
nona^il ibrliA  alactron*hola  diatribiiciona  In  aaaiconductora^dS,)  and  tha  photoluBlnaacanca  spac* 
trua*  of  oarMolua  at  high  axcltatloo  iatanaltiaa.  A raviaw  Of  our  prasant  atata  of  thaoratical^ 
uadaratanding  of  thaaa  aaparlaanta  aa  wVll  aa  tha  thaoratleal  liaitatlona  and  axtanalona  will  ba 
diacuaaad ■ 

•Work  parforaad  In  collaboration  with  Arthur  L.  ®»lrl  and  Ahast  Elcl,  Worth  Taxaa  Stata  Univaraity 
and  aupportad  by  tha  Offica  of  Masai  Aaaaarch.  ’ 

^O.N.  Auaton  and  C.V.  Shank,  Phya.Mav.Latt.  33,  1130  (lf74). 

2C.J.  Kannady,  J.C.  Mattar,  A.L.  Salrl,  H.Waichal,  P.A.  Mopf,  and  t.V.  Pappu,  Phya.  Mv. 

Latt.  33.  419  (1974). 

^A.L.  Smirl,  J.C.  Nsttar,  A.  lloi«  and  N.O.  Scully,  Opt.  Coam.  Ig,  IIS  (1976). 

^M.H.  van  Drlsl,  A.  Uci,  J.S.  Maasay,  aid  m.O.  Scully,  Solid  Stata  Com.  30.  SJ7  (1976). 

^A.  tlcl,  M.O.  Scully,  A.L.  Sairl,  and  J.C.  Nsttar.  Phys.  Mav.  M (be  b^publishad) . 


Ck>ntnbut«4  Popart 

D 3 Tha  Aol>  of  Phonons  and  PiaSMOna  in  Dascri^tna 
tha  Puisyldth  Dapan^nca  of  taa  ttiuim^ooion  of  Oltrs- 
ahort  0a|ical  Pulaaa  Throuah  L MTML, 

w.P.  uaftw.  hmrt  kti:  Mertfc  TMM^ta  Oalvarslty. 
and  Jowi  s.  stssrr,  onivaraitv  ^ toiaaMa.*«liacantlv. 
daaaiopad  a firat  prlnciplaa  MaMl*  taSt  sceounta  for  tha 
ganaration  and  translant  bahavior  of  dansa  alsctron*hola 
piaaaaa  produrad  in  garaaniua  by  picoaaeond  optical 
pulsas-  Xn  this  aodal  th#  tasiporal  saolution  of  ths  hot 
slactron  plsssM  is  sansltiva  to  ths  rslstivs  strsngths 
of  ths  slsctron*phonoa  rslsxstion  snd  tha  plaaaoft  aala* 
aion.  Tha  agraaa»nt  batwasn  thia  arjdal  and  sarly  axparl- 
aasta  la  aubatantial.  Howavar,  furthar  axpariasnta, 
involving  optical  p'.kiaaa  of  varying  width,  haws  Indi* 
catad  that  tha  initial  nodal  is  Inconplata.  In  thia 
calk  b«a  anphaalaa  tha  dapandanca  of  rha  optlool  propar* 
tlas  of  tha  Ca  plaaaa  on  tha  alactron-phonen  oeupling 
conatant  and  tha  anargy  band  atrurtura,  and  wa  auggaat 
nndlfUatlnna  to  tha  original  nodal  that  produca  agraa- 
■ant  with  tha  nora  larant  axparlaants. 

U tlcl,  M.O.  Scully.  A.L.  tnlrl,  and  J.C.  Hattar,  Phya. 
Aav  s (to  ba  puallahad). 

*Siipportad  by  Offica  of  Naval  Aaaaarch. 


to.1,  ttuAl..  pf  Mok  IHott. 
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~ Wid  H.o.  •cau.l,  l)mi.«riitv  of 


krlMMi..  aai  f.C.  JkW,  Ui>lv.r.ltY  of  Contiucttcut  — 0*nt 
Um  iMt  fw.  yMr.  avrwnl  .tuAl.*  h.v.  bMn  ud.  on  th. 
nen-llnMT  Intarutlon  of  altrMhort  aptlo.1  pul.M  ulth 
MBloonduetor. . nwM  hkv.  bMa  prlaarlly  crrlad  oat  on 
.ln,lo  ory.t.1  thin  flla.  of  gwautlva  oround  and 
poltahod  froa  bulk  Intrinsic  Mitwi.i.  IYmm  m^Im 
haa*  bMn  ilaitad  bo  thlekna.M.  of  th.  ordar  of  $ ua  duo 
to  aMhanlMl  probloM  InhWMt  In  th.  Mapi.  prMaratlon. 
M.  nov  prM.nt  th.  rMult.  of  aaamuroaont.  ontanding  th. 
pravioudiy  d«a.lopM  taohalgua*  9*  Mapis.  of  thlck- 
na.M.  troa  around  • to  loM  than  1 ua  obtainad  by  vapor 
phaaa  apltaxlal  dapoattton  oa  Oaha  tubatrataa.  ThaM  ahoa 
Mrkad  varlatlona  in  propartiaa  ohleh  alii  ba  diacuaaad 
■Ithln  tha  fraaaoork  of  tha  aodal  propoaad  by  llci  at  al'. 
'k.  llci,  M.  0.  fcully,  k.L.  Sairl,  J.C.  Hattar.  Phya. 

Rav,  ■ (to  ba  puhllahad) , 

*Paraanaitt  addraaai  kl  Haaan  Initltuta,  Baghdad,  Iraq. 

DJ.  Abaorptlon  8pactn»  of  Optically  PMoad  QaAii 
Band  rmina  and  Hot  llactron  8ffact».  R.  7.  LUDY 
and  JAOpnr  aHAH.  Bali  Laba.  Bolhdal,  8.  J.— M>a»ur>- 
aant.  o(  traoMlaalon  apactra  through  thin  lay.ra  of 
QaAa  O.f  u)  In  tba  pra.onct  of  an  Intanaa  optical 
puaplng  by  a tunabl.  Infrarad  (81(X>-T30<}a)  la.ar  ar. 
daaarlbad.  Bffaet.  of  band  filling  and  carrlar  haatlng 
dua  to  tba  optical  puaplna  can  ba  datamlnad  dlractly 
fron  chaaga.  lo  tba  tranMl.aion  apactra.  Carrlar 
taoparatura.  of  % kO*K  for  «aaplo«  iMoraad  In  liquid 
bollia  ar.  daduoM  froa  flttlag  abMrptlon  apMtra  for 
a puiv  aavalugtb  of  ^ 80(X)A. 


T06 


D*  »rop»rt  of  Hot  yho»o»Bcif<l  Holof  in  Cu-^opod 

at  Uh»  Ttaporauiro.  a.  wrxa iim > Unjyiyfiidad 
A»  lof  vyUfuoU  •Hd*C.  J.  KEAMf,  WHfirtofc  0.— A 

tSocr«tlc«i  ot  Jy  it  Mkd*  of  tho  pro^rt  1m  of  not 
pfiotoomc i tod  holos  in  Cu-dopotf  OonMnlup  • funoiion 
of  tHo  lottico  tovporoturo  ond  ooiiponontion  doMlty  • 
Hgaorlral  oolutiono  of  Ui«  roto  oquation,  obtolnod  by  In 
ItoratW*  tochnlq\io,  glvo  tho  atoadyottoto  onoTfy  dlatri* 
button  of  hot  photoosr itod  holoa  dua  to  approaiantdly 
bla>'libndy  rooa  tof^aratura  radiation.  Conaldarlng  only 
a apharlcal  haavy>hola  hand,  alapia  acouatlc  daforaation 
acat taring  and  inataatanaoua  optical  phonon  aalaalon  it 
ia  found  that  for  tha  lovaat  aaluaa  of  tha  aaargy 


diatribution  function  la  approaiaataly  Nasaallian  and 
glvaa  a paad  fit  aith  aapariaanfl  phntoHall  aohilitiaa. 
for  hit/har  valuaa  of  M , a apharieal  light  hoia  band  la 
Inoludad  in  our  oalculltiona  and  thia  inooioaa  tha  uaa  of 
a taooparaMtar  daforvation  potantial  for  intar-  and 
Intra-valioy  tranavaraa  and  lonfltudlnal  aoattaring,  and 
dlao  iiiatantanooua  intor*  and  intra-oallay  optioai  acat- 
tarlnf.  Tha  ij^ariaantal  photo-Hall  aabllitlaa  than  can 
ba  uood  to  giva  InforiHition  on  tha  dafornation  potantial 
paraatabara  for  tha  valanca  band  of  Ga  ahich  oannot  ba  da- 
rivad  froai  aquillbrluai  tranaport  aanauraaonta. 

^f.  Norton  and  N.  Laviatain,  fhya.  Nav.  6,  476  (1972). 


tnpited 

D 7 Fiakl  tffacu  for  Lasar  htcitad  Camen  C.J  HfcARN,  b'arvlf*  Untvtniry.  Covfntry  (20  nun  > 

D 8 Radiative  Speein  from  Hot  Photo^amara  R C C LETTE,  l/y/CAM^.  CampOtoM.  $wU  (20  min.) 

Radiativa  ract-Mbi nation  fro«  non-aquilibrlua  oarriara  Ir.  aaadoonductora  ara  co^arad  with  alngla 
particia  aoattaring  in  OaXa.  Iha  raaan  scattaring  data  it  obtaioad  by  two  photon  aboorption  in 
bulk  natarial  wharaaa  tha  photoluainaacanca  apactra  ara  obthlnod  by  rogular  ona  photon  abaorptlon. 
iha  raaulta  ara  in  cloaa  aqraaaiant  with  currant  thaoriaa. 


D9  Photocamcr  Thermaination  by  Laarr  F.xcitalton  Spectroacopy 
CC  WhlSBVCH.  £coia  hAvtfvHnt^fuf.  Paistiemi  Fnmct  (20  mm.) 

Llnodhapoa  of  luailnoacanco  lino*  in  photo«xclt«d  adnlconductori  provldb  a convb* 
nlant  way  to  maasura  affactlva  taaqpnraturai  of  hot  alactrona  and  axcltona.  exci- 
tation apactrONcopy  of  axich  llnaa,  l.a.  tha  atudy  of  tha  variation  of  Intanalty 
and  linaahapa  of  thaaa  llnaa  with  varying  axcltlng  photon  anargy  pamlta  to  fol- 
low In  a vary  datallad  mannar  tha  anargy  ralaxatlon  path  of  hot  photocraatad 
alactrona.  Thla  haa  baan  parforMd  In  GaAa  using  a e.w.  tunabla  dya  laaar  and 
laada  to  tha  obaarvation  of  an  oaclllatlon  of  aXactronlc  tanparatura  with  chan- 
ging axcltlng  photon  anargy.  Thla  la  dua  to  tha  afflclant  anargy  ralaxatlon  by 
L.O.  phonon  ainlsalon  for  thoaa  alactrona  craatad  in  tha  conduction  band  with  a 
Initial  klnatlc  anargy  aqual  to  an  Intagar  nuabar  of  L.O. phonons.  Tha  alaiulta- 
naoua  oaclllatlona  of  aXactronlc  and  axcltonlc  danaltlas*  taaparaturaa  and  llfa- 
tiaaa  show  tha  dapandanca  of  aany  guantltlaa  auoh  as  axelton  foraatlon  tlaia/  ax- 
clton  thanaallaatlon  ate...  on  tha  affactlva  alactrdhlo  taaparatura.  It  alao  pro- 
vidaa  naw  axparlaantal  Insight  on  oscillatory  pheitoconduetiTlty  phanoaMna,  as  it 
aaparataly  givaa  Information  on  aarrlar  danaity  and  tamparatura. 


ConfrlbuteJ  Papfn 

010.  Wt.n  of  photo«»cH»<l  hot  iltctrcot  In 

high  wgrut^c 

C.  UHiIIr  •nd  D tALCCKI,  Group*  d*  Physiqu#  d«i 
So11d*s  0*  1'C.N.S.  . Unlvtrilt*  Paris  VII,  To«r  23,  7 
p1ic«  Jussieu,  7SO0S  Paris  (Franca). 

S*v*ra)  aathorf>'7  hav«  datanafnatf  th«  mtn 
•n*rgy  of  a photo*«c1t*d  alactron  oat  In  tti*  apsance  of 
aiagrwtlc  flald.  Astiaalng  a naxMlIlan  distribution  for 
th*  Min  elactrans,  they  used  the  power  balance  eque- 
tlon  to  find  ttie  electron  temperature  T,. 

Noting  that,  whan  a strong  Mgnatic  field  Is 
applied,  the  electron-electron  collision  Integral 
vanisnes  In  the  extreM  quantum  llnlti,  we  derive  a 
theoretical  expression  for  T,  using  a similar  approach. 
Radiativa  recaa*1nat1on  and  various  scattdring  procta- 
ses  (by  optical  and  acoustical  pnonona)  are  conslddrmd 
and  tha  dapendenca  of  T,  on  magnetic  field,  lattICd 
tmmperfture  end  laser  frequency  excitation  la  studied. 

>R.  Ulbrich,  Phys.  Rev.  B 8,  S719  (1973). 

>V.L.  waulov,  I.N.  ratslevlch,  Sov.  Phya.  Semlcond.  8, 
732  (1974). 

*4  m.  21obln,  P.S.  Zyryanov,  Sov.  Phyi.  J.t.T.P.  31, 

513  (1970).  ~ 

D1 1 . Eftaggy  Nalaxatlon  pf  rhotoaxcitirf  Not  llagttPha 
at  Vary  Low  Taamaratitf#* ■ f Lfvrwfox,  taadaii 
Thaar.  Rhyj.,  Itaacaw.*-At  vary  low  t aaiyarataraa  TCiMi* 
a/w9  •lactrpfi  anargiaa  a«l/2  (iv^af fagtiva  aaaa,  a- 
•ounS  valocity)  nalthar  of  tba  known  onorgy  ralaxatloa 
•oebaAioM  ia  oparatiwa.  In  thla  anargy  aoglon  not  only 
optical  phonon  awiaalon  la  forbldSon,  but  aeouatleal 
phonon  gwlaalon  la  alao.  Such  a altuation  appoara  In 
aapariaanta  at  liquid  hallia  tanpwraturaa  whan  aiaotrona 
in  quantialng  aagnotic  flalda  ara  axoitod  by  iaaar  light. 
Por  anaapla,  ^ Oa  with  k||(111)  tha  longitudinal  aaaa 
■wl.aa  and  M*«2.ait.  ua  hava  ahown  that  in  tha  paaalwa 
ragion  c<l/2  na^  tha  anargy  ralaxatlon  la  dua  to  a two- 


•tap  aoattaring I tha  alactron  in  aoan  atata  in  tha  paa- 
alva  ragion  first  abaorba  an  bcouatlcal  phonon  and  paaaaa 
to  tha  aotlva  ragion  c>l/2  na'i  than  tha  alactron  Milta  a 
phonon  and  raturna  to  a now  atata  in  tha  paaalva  ragion. 
•uch  a bHD-atap  aoattarlag  ia  not  a two-phonon  procaaa 
•Inca  tha  ixtaimadUta  atata  ia  a raal  ona,  and  not  a 
virtual  ono.  to  aoma  Satant,  It  ia  aimilar  to  tha  two- 
atap  optical  phonon  acattarlng.  Tha  ewo-atap  aeouatleal 
phonon  anargy  ralaxatlon  rata  la  of  tha  ordar  of  t 1« 
axa^  axp  (-a(aa^/T))  whora  *a*  ia  tho  mater  of  tha  ordar 
of  unity«  and  ia  tha  nondiaanaional  alactron- 

acouatical  phonon  coupling  conatant. 


D12  Hot  fboto-carrlar  and  bat  Ilactroo  Iffacta  in  PH 
juoctigi  W.  aaiio.  V.  BU6IT0.  t.  jmk.  i.  iuirtai,  eiJ~ 
T.  AMMtA,  Naaaya  U.  Haaoya.  Jaaaa  — -bhan  a pn  Junction 
of  aaalconductor  (with  bandgap  aMrgy  Ig)  la  llluainatod 
by  llgbt  baax  (with  photon  anariy  hv)  ia  cha  condition  of 
Ig>hv,  aueb  aa  In  Co  pn  Junction  lllualnatad  by  COj  Iaaar 
baaa,  an  alaciraaativa  farea  (aaf)  waa  induead  bacwaan 
tha  tatminala  af  tha  pn  Junction,  which  indlcatad  tha 
cppoalta  palarlty  to  cha  ordinary  photovoltaic  affact 
liha  in  a aolar  call.  Such  an  aaowoloua  photovoltaic  pha- 
noxanoa  wna  diacuaaad  with  nany  othar  photovoltaic  nachc- 
niansg  and  It  waa  axplalaad  by  an  optically  axltad  hot 
carrlar  affact,  through  the  following  cxparlcMmc  with  c- 
lactrlcal  cscltatlon.  Uclng  a rod  of  a-  or  p-cype  Oc  with 
a pn  Junction  at  tha  curfacc  of  Ita  canter  end  an  ohmic 
contact  at  aaeb  racmlnal  of  tha  rod,  tha  aame  kind  of 
phanomana  wae  obearved  whan  alactrle  flald  to  appliad 
along  tha  langtb  of  tha  rod.  Tha  varclcally  Induead 
voltaga  or  currant  had  the  eama  polarity  In  aplta  of  tha 
ravaraa  changa  of  tha  appliad  flald,  and  Incraaaaa  with 
Incraaalng  tha  appliad  field  etrangch.  Dia  vertically 
induead  amf  waa  cmuaad  by  warm  or  hot  carriae  croeeing 
cha  potamtlal  harrlar  of  tha  pn  Juaetlon,  which  le  vary 
eenaiciva  to  thd  dapartura  from  thatmally  aqulllbrium 
voloclty  dlatribucian  of  cartlara. 
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ItfttlON  I:  OUAMTUM  TAAfMfOAT 

i/iomlfii.  t My  1t77:  a<<din  iafto  «C  #t00  A.M.;  C.  JMtoofW.  prwiilm 


F I Hot  HWiroft  Ouanium  Mafn«to  Tnin«port  J % BARKKR.  Warwick  UntivrUiy.  Vnitcd  A’tnprff/m  (30  mm  ) 

A r«vl«M  u 9iv*n  of  rocofit  ot^arlMnial  finding*  «nd  thoorio*  on  hot  «l«ctronc  In  quontlolnq 
M9notlc  fUldi.  Partlcoldr  ottontlon  !•  pold  to  InatAbillty  phonoMna  and  tho  aagndtophonon 
•ffoct. 


OtnMbuttd  Hprn 

t 7 . <^otw>  T>»»ory  of  Wonohaic  Calvano— a?f  tic 
EffacH  in  Sm Icooduc to r i . H.B.  ipootor. 

V.R.  Arora,  Univ.  of  Riyadh. -«Wa  hara  axtottdod  tha 
^uancua  tranaport  fornal davalopad  by  Arora  and 
fataraon*  to  calculata  tha  aagnatoraalatanca  of  aami' 
cooductora  bf  taklod  Into  aocount  noaehAic  affocta. 

Our  calculaitona  ylald  axpraaalona  for  tha  aafnato* 
raalatanca  ynlch  ara  valid  for  arbitrary  alactrit 
flald  and  utOch  raduca  Co  cba  eorracc  ohaic  raaulta  for 
low  alactrlc  flalda.  Altheufh  our  anpraaalona  ara 
valid  for  arbitrary  alactrlc  flalda,  tbay  hava  to  ba 
aupplaaantad  by  an  anargy  balaoca  aquation  to  taka 
alacCroo  haatlng  into  account  and  by  klnaclc  aduatlona 
which  ylald  tha  nona^uil Ibrliai  phonon  dlaCrlbuCion 
whan  acouatic  phonon  acattarlng  ia  doniaant  and  wa 
hava  acouatoalactric  aa^llf Icatlon.  An  axpraaaion  for 
tha  noootwaic  nagnatoraaiatanca  ia  obtainad  la  tha 
quantun  limit  whan  acouatic  phonon  acattarlng  la 
dominant . 

^V.K.  Arora  and  K.L.  Pataraom,  Fbya«  lav.  Bl?, 

2285  (1975). 


tranaport  thaory  tor  polar  aamt conductor a • F . BCLIZNAY , 
«.  scuirrx,  haa.  Inat.  Tachp.  Fhya.,  Budapaat.  Bitnqary.— 
High  fiaid  quantta  maanato-tranaport  thaory  baaad  on 
Paynaan'a  Path  Intaqral  aMthod^  haa  baan  darlvad.  Tha 
flrat  approBimation  qlvaa  lag>liclt  ralatioma  batwaan 
appllad  flald  and  drift  valocity  of  alactrona  in  maqaa* 
tic  fiaid.  <‘alculatlona  for  Infb  at  77g  axplalna 
aaaaurad  low  timid  Lanqltudlrml  maqnatoraaiataAO#^,  low 
and  high  fiaid  tranavaraal  mobility  data^  and  warm 
alactxon  coafflclant^  for  diffarant  magnatio  fialda  and 
pradlcta  high  fiaid  longitudinal  propartiaa.  Thm 
validity  of  omr  approiimation  In  frama  of  tha  ganaral 
tranaport  quantum  thaory^  ia  dincuaaad.  ■Rtaoaion  of  our 
calcttlatlona  for  Intarmadiata  and  atrong  coupling  caaaa. 
Initiatad  by  ra<’ant  ■maauramanta  on  Silvar  Halldaa,  ara 
in  syrograva. 

ix.K.  Thoinbarg  and  a.P.  Paynaan,  Phya.Bav.bl,4098. 
^M.TokuBK>to.  C.Yamanouchl , and  R.Yoahlhlro,  J.Jap.Fhya. 
aoc.  37.  878  (1974) . 

. fujiaada . i.Kataoka,  and  A.C.Suar,  Phya.  Aav.  83,  3249 

11971)  . 

^T.ghiraJtava,  C.Hamagochi,  aiW)  J.Nakal,  J.Jap.Fhya.Soc. , 
35,  1098  (1973) . 

^J.8.  aarkat,  J.Fhya.C.  6.  JM3  (197)). 


85 • 81gctric~riald  Dapandanca  of  tha  Foaitiona  and 
Ammlitudaa  of  Wagnatophonon  Oac^lationa  in  o-ln8b  at 
77  ■ rautjniT.  ^ n.  c.  agtLCT.  stata 

u.,  and  J.  R.  AARirJtR.  r^e  itorwtnfc.  CQVantLry.  U.  A.  -- 
Tha  Influanca  of  pulaad  alactrlc  flalda  on  tha  magnato- 
phonon  ataructura  in  tha  tranavaraa  and  longitudinal  mag^ 
natoraaiatanca  of  h>XnBb  at  77  K haa  baan  raaxamlnad 
uaing  a amgnatic  flald  modulation  tachniqua.  For  tha 
txanavaraa  configuration,  a ahift  to  hlghar  magnatic 
fial4a  with  Incraaaing  alactrlc  fiaid  ia  obaarvad  for 
ajrtramal  poaltiona  up  to  N ••  0.  Tha  anplltudaa  dacraaaa 
monotonoualy  and  dlaappaar  at  about  60  V/cm  for  H*3.  Xn 
tha  longitudinal  caaa  tha  arntrama  ahift  to  lowar  nagna* 
tic  fialda  aa  tha  alactrlc  flalda  ia  incraaaad.  In  con- 
traat  to  tha  tranavaraa  caaa,  tha  amplitudaa  Inrraaaa 
by  a factor  of  2 up  to  15  V/om,  and  than  althar  dacraaaa 
or  baooma  aaturatad,  dapanding  on  tha  hanaonic  n<aKbar 
of  tha  aatramia  undar  camsidaratlon.  Thaaa  axpariaafnial 
raaulta  ara  cximparad  to  calculatlona  baaad  on  a quanttai 
kioatic  aquation  approach  and  to  pradictiona  obtainad 
from  a almpllfiod  analytical  thaory. 

Mtork  aupportad  In  part  by  tha  Offica  of  Naval  Raaaarch 
**0n  laava  from  lAidwig  boltamann  Inatitut  fuar  faat- 
koarporpliyaik  and  Xnatitut  fuar  Angawandta  Phyaik, 
Unlooraltaat  Wlan.  Auatrla 

16.  Hot  61»ctron  Bnyrgy  R»co«bioation  in 

Qu«n^tlpq  iuqn^tlc  w:MaU.ER,  F.KOHL, 

. H.PABTL,  And  E.aORMIK".  TactinlKha  UnlvsrilUt  WUn, 
A-1(M0  Vlanni,  Austria.  — Ms  hsv«  staxUad  tha  radla^va 
raao^lhstion  of  hot  eUctrons  bptwaai  Landau  levaia'  In 
n-In6b  at.  4.2  K In  ardar  to  obtain  datallad  infoanatlart 
or  tha  hot  oarrlar  distribution  function  and  arargy  ra- 
oonblnatlon  (Kooassaa.  Thn  piaaaiir—rita  wara  parfonnad 
In  tits  ad^natlc  fiaid  rangs  fxoa  .S  to  3.0  T on  various 
■Hilaa  with  diffarant  fras  alaotrot  and  total  Urgiurlty 
conoaitratlan.  n*  hot  slaotxon  occupation  raabara  of  tha 
first  Undau  l»ral  wars  darlvad  in  dapandanoa  of  tha 
alaotric  and  aagna*  ir  flald  appllad.  Infacaatlon  on  tha 
olaotronlc  Ufstlna  In  tha  first  Landau  laval  was  ob- 
tainad fitro  tha  dlrsct  obaarvatlon  of  tha  alactrlc  {laid 
rasponaa  of  tha  raouiblnation  radiation  intansity.  Elao- 
tion  Llfatlnas  of  lass  than  10  na,  which  ara  fcanl  aa- 
parlaantally.  can  ba  atplainart  by  an  Augar-lika  raocabl- 
natlon  prooaas.  Ihs  hot  alactron  distribution  function 
haa  a naarly  Maxwalllan  ahapa  In  good  agraanant  with  an 
Jafanvad  thaoratloal  aptaroach  taking  alactron  alactra) 
IntMDactlon  Into  aooount. 


a. . lapurity  Sptctrotcopy  oa  TaUyrlua  by  Maam  of 
MaanatoratUtaya  Haaiuraaantt  uhoar  woAohiiii c conditiona. 
K.  »ow  mtinWi.  U.  trtlribwra--Low  *— aratura  aaonatera- 
ilttanci  aaaiuraaaatt  on  waakly  dopad  tallurlun  itaplai 
(P*10”  ca'l)  thow  a Uraa  nuabar  of  ttrvctura*  which 
appaar  only  undar  nononalc  condUloni.  Dapanding  on  tha 
alactrlc  flald  strangth  and  tha  chaalcal  natura  of  tha 
lapurltlat.  diffarant  typai  of  itructurat  In  tha  aagnato- 
ratlttanca  ar.  «1t1b1a.  Tha  aott  raaarkabla  a^act  It  the 
appatranca  of  tharp  aailaa  In  tha  magnatoraalttanca  (half- 
width &t-0.07  T)  which  ihow  up  at  ralativaly  low  tlac- 
frlc  flalda  of  about  1 V/cm.  Tha  magnatic  flald  poiltlont 
of  thaaa  paati  ara  corralatad  with  tha  chaalcal  natura  of 
tha  lapurltlat . Tha  ratonanca  appaart  for  tha  diffarant 
lapurltlat  at  a • 3.4]  T (81),  e • 3.(1  T (Sb),  and 
I • 3.77  T (At)  (liC).  furthar  ttructurat  In  tha  magnato- 
raalftanca  undar  hot  carrlar  conditloni  ara  corralatad 
with  a ratonanca  batwaan  tha  lowatt  laipurlty  aacitatlon 
anargy  and  tha  cyclotron  ratonanca  anargy.  rroai  hot  ma- 
gnatophonon  mat turwaant t , lapurltlat  with  quita  diffarant 
binding  anarglai  could  ba  idantiflad. 


Traaaeit  adraaai  Ball  Talaphona  Laboratorlaa.  Holndal,  S.J. 
^B.CjatnXi  Phya.Aav.Latt.29,  S9S  (1972). 


OgtlcAl  Flvld  Iftduc9d  latTvlUv  Trwfvr  and 
0^  OyatIUttona  In  GaAa.*  1.  V.  liLmHlttn  aTd'  B.  0. 
tOWAPIa  Byqwn  U.  Int«n»«  infrared  l*««r  (l«lds  iM«r 
lOun  wmvwlwsgtlt  hiivv  b««A  uawd  to  onhancv  tntorvoiloy 
cronsfwr  of  conduction  bamd  oloctron#  ond  to  trlggor  Gunn 
InoCablllCiM  1b  n*typ«  GbAb  on  nomcooeond  timoocolo.  In 
thooB  Bi^rlfvBnCB  BamplBB  in  th«  form  of  thin  BpltoxlBl 
layara  (n  • 8 • IQl*  cw-J,  u(300*K)  - 6700  e«7/V  .ac) 
havB  bB«n  BubjBCtBd  to  BlmuitBiiooua  BBcltatlon  by  a dc** 
flBld  and  a laaar  fiaid  from  a modv-loekod  high  proaBur* 
CO2  iBBvra  For  optical  fialda  to  tlia  ranaa  of  a faw 
kV/om  amd  aicaadlng  a critical  thraahold  valua,  Gunn 
OBCillatlona  can  ba  initiatad  and  controllod  by  the 
au^manoBmcood  laaar  pulaaa.  In  addition,  tha  axparimm* 
tml  taatimiqua  haa  bamn  uamd  to  atudy  tha  formatlam  mid 
tha  arnica  af  tha  Inacabllltlaa  with  hl«h  tam^ral 
rawaltKton.  A*  attraatlva  davlca  application  ia  tha 
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u««  of  infrorod  roillotlaft  for  htRh-opood  optical  oantrol 
of  Oimn  alcroMoy*  oourcM. 

« 

Supported  by  tho  Hatorlalg  ftasoirch  l.aborgtory  at 
Ircnm  Unlvorolty. 

**•  t4«T»ln4ufd  Hoi  El»  tty:  in  * 

b.T.  ttocmr'  o c ariLfg  ^ h.  tjKI* 

Stof  U . Tho  inflootu'o  of  g 2*\iOoc  wldo  COj  l«o«r 
pulg«  on  tho  Shubnlkov-dg  Haa»(ii4H)  offo'.'t  in  o 1.4  ■ 
10^^  I'M*  ^ of  n-ln.tb  hoa  boan  Invaatigatod  *t  a 

iattica  t«oi{>orgtur«  of  J.dK.  During  tha  tlM*  tha 
aaa|-l«  la  llli»lnatod  tha  S4M  aaglltudaa  ara  found 
to  dactaaaa  wltit  Incraaainq  laaar  powar . Fot  a paak 
Inctdant  p(«war  of  about  1 watt,  tha  SdH  oaciilatory 
bahavior  cortaapr>ni1a  to  that  aaaaurad  at  for  tha 
non«  1 ll'Milna tad  aaapla.  Por  paah  po«tara  graatar  than 
2 watta,  tha  aapittudaa  ara  daaipad  out.  corraapond- 
ing  to  a non-l  12 uailnatad  taaparatur#  qraatar  than 
'Hvaaa  raaulta  fom  tha  flrat  dlract  and  guontltativa 
avldanca  for  alactron  haating  Inducad  by  COj  laaar 
radiation  and  paralt  tha  avaluation  of  a pbanoaano* 
logical  arvargy  ralaxatloo  tlna. 

*WDrk  aupportad  in  part  by  tha  bffic#  of  Naval  Ra* 

!f*rch 

On  laava  froa  Ludwig  Boltaaann  Inatitut  fuar  Paat* 


koarparphyaih  and  Inatitut  fuar  hngawandta  rhyaik* 
UnlvaraltaaN  Wlan,  Ruatrla 

mg.  Oroath  of  an  Pactron-Hola  Llaqtd  In  C4>a7* 

T DALy,  attd  H.  lUIOl.  ap^atf 

of  blfhlf  photo  asoitad  £dha  platalata  vara  takan  at 
l.t*K  at  varlaua  dalay>tlaaa  aftar  polaa  aBoltatloa  by 
10  pa  dwratloa  llftit  pulaaa  tr««  a o.a.  aoda  laekad  dya 
laaar.  During  tha  flrat  ISO  pa  aftar  axoltatloa  a aaa- 
aldarabla  narraalng  and  a aaall  abift  of  tka  aaniaua 
poaltlon  of  a aaln  lualnaacanc*  faatura  oaotarad  at  about 
etkOA  takaa  plaoa.  A narrna  band  of  d aaV  bandvldth 
(INTTM')  paraiata  up  to  3 naac  aftar  axoltatlon  altb  ua- 
ohangad  vldWi  ar  i%apa  although  Ita  latMialty  dooaya  altb 
a tiaa  eamtant  of  about  ftOO  pa.  Wa  tantativaly  iatar- 
prat  thaaa  raaulta  aa  balng  dua  to  tka  groath  of  an  alac- 
troa>hola  liquid  pbaaa  froa  an  initial,  danaar  and  hottar 
plaaaa.  A quantltatlva  fit  of  tka  raaulta  to  a tbooratl> 
oal  lina  ahapa  funotloc  of  raoaablMtlen  radiation  in 
CdSa  la  balng  oarrlad  out. 

*Thla  vork  la  aupportad  by  a National  tolonoa  Poundatioo 
Orast  to  Comall'a  Katarlal  Sclanoa  Cantar  and  by  tka 
tl.  i.  Offtoa  of  Naval  Boaaarok. 


I SESSIONS  MAINLY  BULK  TRANSKIRT 

Fnday  attamoon.  8 July  1B77.  Goldan  Eagla  Suita  at  1 :30  P.M.;  H.  Hainrich.  praaidlng 

Invitfd  htt»en 

F 1 Hi|h  F^'.UJ  and  Breakdown  Ffftcti  in  SiOj  • R.C  HUGHFS.  Sandla  Labofutories.  Albuqufrqur  (30  mm  ) 

ABorphoua  SIO^  la  vldaXy  aapXoyad  aa  an  Inaulator  In  appIloatlcNM  vbara  vary  high  alactrlo  fiald 
atandoff  la  ra'^uirad;  an  axanpla  la  tha  aatal-oilda-aaoiioon^ctor  tranalator.  1%#  ultlaata 
braakdenm  atrat^h  of  tba  bulk  atatarlal  dapanda  on  tha  high  fldld  bahavior  of  txoaaa  aiaotroca 
aod  holaa.  On#  sachanlaa  for  dlaXactrlc  fallura  in  ttM  bulk  la  tha  avalanehlBg  of  tha  azoaaa 
carriara  vhan  tba  alartric  fiald  la  too  hi^  for  anargy  loaa  aadkaalflu  to  atabillM  tha  OAr- 
riar  drift  valoclty.  Wt  hava  aaaaurad  tha  high  field  tranaport  of  both  alactrooa  ax2d  holaa  io 
0IO2  in  flalda  up  to  $ x IC^  V/oi,  and  find  latrinalc  naabanlasa  for  anargy  loaa  to  tba  lattlca 
by  both  alactrona  and  holaa  vhleh  aeoount  for  tha  atability  of  tha  drift  valoclty  at  thaaa  vazy 
high  flalda.  In  ^orpboua  8102  aiactrona  ara  q,ulta  fraa  in  apita  oC  tha  diaordar  and  hava  a 
•dbillty  of  about  20  caa^/V-aac  at  rocB  taaparatura  vhieta  la  Lo  good  agraaaaot  vlth  tbaory  for 
acattarlng  of  the  electron  by  Idtgitudlnal  optical  (LO)  phoQooa*  Va  hava  AMaurad  tha  drift 
valoclty  of  tha  aiactrona  aa  a function  of  fiald  aod  find  that  abova  5 ^ 10^  V/oa  tha  drift 
valoclty  bagloa  to  aaturata,  which  la  lo  agraaAAot  with  a thaory  for  alactron  anargy  Xoqa  la 
polar  matarlala  by  aAiaaloo  of  LO  phonoAf,  MamauraAaota  of  ala^roc  ylald  froi  pulaad  ioAialng 
radlaMon  indlcata  that  do  avalancha  AuXtlplioAtlon  af  alaotrooa  la  ooeurrlog  up  to  at  laaat 
6 K ICF  V/cb;  tha  thaory  of  Thorhbar  aod  fayttiAO  pradlcta  atability  up  to  about  10*^  oa/aac* 

ExparlAantal  raaulta  frop  othar  laboratorlaa  for  dark  eurraBta»  alaotrcnlc  avltohing  p^ocBana 
axid  laaar  irkkicad  braakdovn,  which  ara  In  rou^  agraaMot  with  tha  idaa  Of  tha  dCAloanoa  of  LO 
phenooi  lo  tha  high  fiald  bahavior  of  aiactrona,  will  ba  diacugaad.  Wa  hava  atrong  axnrlAaixtal 
erldence  that  holaa  io  6IO2  fora  anall  polarona  within  a fav  rlbratlonal  parioda  (<  1Ch«  aec). 

The  Aobillty  of  th#  gaali  polarooa  haa  bean  Aaaaured  with  naBoaacood  tioM  raaolutloo  and  found 
to  ba  vary  low  and  thamally  activatad.  flalda  up  to  $ x ICF  V/oa  do  not  change  tha  aobilityi 
thr  ealf-trapping  of  the  bole  la  clearly  ■ atrong  energy  loea  Aechanlae  which  prwveAta 
avalanching  of  tha  holaa  wan  at  thaaa  Ulgh  flalda. 

Nork  aupportad  by  U.8.  ^Inargy  Keaaarcdi  and  havalopAent  AdAdnlatratlon. 

F 2 High  Field  ElcLironic  Conduction  in  Intulaton.  K K.  THORNBFR  BHJ  igbo^atortn.  Murray  HUl  (30  nun.) 

The  auantuA  theory  of  electronic  tranaport  pIl#nOA«nA  in  largt  tlectrlc  flalda 
in  highly  dissipative  media  Is  critically  axAAlnad*  Sarloua  cohctptual  Droblams 
and  computational  difflcultlea  arise  because  neither  the  field  nor  tha  disalpation 
can  ba  treated  as  a perturbation.  Wa  review  ■ decada-old  calculation  of  tha 
valoclty  Bcguirad  by  an  electron  In  a finite  electric  field  in  a polar  crystal 
and  tubaequant  ^ork  which  expanded  our  understanding  of  our  Aethod  and  results. 

A key  feature  of  the  earlier  work  was  that  in  a sinala  curve  of  electric  field 
versus  velocity,  all  tha  expected  phanoAana  appaarad,  including  a threshold  fiald 
for  producing  not  electrons,  in  quantitative  agreement  with  experiment,  and  a 
decreasing  rate  of  energy  loss  with  velocity  for  very  fsst  electrons.  A more 
recently  studied  problem,  That  of  electron  acceleration  below  the  threshold  field 
will  be  discussed.  This  problem  Is  very  important  since  such  acceleration  Is  the 
necessary  precursor  of  ionltation  and  breakdown.  The  physical  significance  of 
dissipation  processes  far  from  thermal  equilibrium  will  also  be  mentioned. 

Contnhutfd  port  calculatluna  for  hot  aloctrona  in  polar  aamicon* 

4uctori«  rwaal  a atrong  diatortlon  of  tha  hlgh-aKBontum 

ri.  rioig  ^olllrflon  >Ufa  m folar  Saaiict>n*  tranafar  proaaaa  by  Inter faranr*  of  th#  alactrlc  fiald 

duftnra.  J.k.  SAk/sk,  Wsywick  U.,  U . K. ^-Quantum  trana>  with  th#  ralllalon#.  7)1#  effect  le  analyead  In  teraM 


709 


I 

I 


I 

I 

I 


of  tK«  of  tho  fxioduotioii  pcoooot 

ond  t*  4opofidofvi  uprm  a finita  colliaion  durotlMi. 
lapllcotlov^  for  hl«h  fiold  polygon  tronaport  in  inou* 
iat4>ra  ara  dSatwaaod- 


r4  HcK  giT»»on»,  loni— tton  and  Ploloctrlc 

UfAkOami  in  T»in  rija  tiOa  f n touomom,  xm,  lhamm 
J.  Wafoo  "lytnVch  Cowtor  *-Vacm^  aloctroo  «iiaaton 
PaaauraMnta  haao  boon  con  iod  o\it  on  tl-fiO^u  tunnol 
•trurturoo  to  study  rho  hot  oloctxon  ooor^y  dlotxlltwtioii 

F 5 Hoi  Eloclroa  Emanon  from  Silioon  DMuuda 
T.H  NING  IBM  7V>oMf  J W0t$cm  Bttmrrk  Ctmtwr  Yorktown  Hetiha  (30  aio  ) 

Re<'ont  pro<7r<»»B  Ir  the  sl-itty  of  hoUeldctron  emission  from  silicon  Into  silicon  iloxlde  is 
Experimental  techniques  include  avalanche  Injection  oairiq  gated  diodes  and 
M06  capacitors,  nonavaiarche  Injection  using  IGFET  structuree  with  an  underlying  supply 
p-n  Junction,  and  optically  induced  Injection  using  alllcon-gate  IGFET  structures.  IGFEX 
structures  allow  the  fields  In  the  SlOo  layer  and  In  the  aUlcoo  depletion  region  to  be  varied 
Independently,  tn  addition,  IGFET  structures  of  reentrant  geometry  aUow  abeolute  emtsslor. 
probabllUlet  of  the  hot  electrons  to  be  determined.  Such  abeolute  emission  characteristics 
ar»  mef  .1  not  only  for  designing  silicon  devices  but  also  for  quantitative  testing  of  theoretical 
mod«»ls  of  the  ^mission  process.  Several  mechanisms  of  Importance  In  the  emission  procets 
h4-/e  beer,  ldentin«*d,  Including  SchotiJcy  lowering  of  the  emlaalor.  barrier,  scattering  of  hot 
electrons  In  the  Image-force  potential  well  in  the  SIO2  layer,  tunneling  of  hot  electrons,  and 
the  effect  of  lattice  temperature  on  electron  heating.  There  is  also  experimental  evidence 
of  the  deperlence  of  the  hot-electron  energy  distribution  on  electric  field  gradient.  At 
present,  only  phenomenological  models  based  on  the  lucky-electron  conce^  have  been 
develop^  to  the  point  where  quantitative  comparison  with  experimental  results  is  possible. 
The  essential  features  of  these  models  are  discussed. 


Ln  th«  omiSs  Sleeiroc\s  of  otvorfioa  up  to  SoV  roiotlvo 
t4>  tbo  90IS  coontor  oioctroSo  voew*  lovol  hovo  boon 
oboorvod  at  oxiSo  fiolda  op  to  S ts//cm.  tioctron  t«»> 
poroturoo/  boood  on  • quooi  Maipnillion  Siotribution 
ooro  in  o«(o«o  of  l.SoV  ond  locrooo#  with  oppliod 
flolS,  oupportlns  tho  poooibility  of  bondpop  ispoct 
loniaotiso  in  tho  oxldo.  li^ct  Loolxxtlon  ix  roquirod 
by  OQM  rocont  thonrloo  for  btmmkdc^m  In  BlOj  xnd  offxrx 
xn  oxpixnxtion  for  •oporiaxntxlly  ob— rvod  current  in- 
xtxbliltioo  xnd  poxltiv*  chxrqinq  of  tho  oxldo  ot  high 
f loido • 


Contnbuttd  ^optrt 

r«  i,«icoii<<Ktor  Syrf,c,  tel.tlaQ  of  Bat  IlMtrgM*- 
I.  ft.  Tsotmus,  IIM,  Uoox  Juactloci,  ft.  A aev  wlosloo 
•odol,  bxood  OB  X probxblllxtlc  crxxtMot  of  xloccroo 
trxjxctorixx,  hxx  boon  dowxlopxd  for  hot  oloctron  owle- 
oloB  frob  X Boblcoodoctor  xurfxeo.  Prlsxry  xloctroos, 
gooorxtxd  thorxxlly  or  optlcxlly,  xro  hxxtxd  by  x norvxl 
oloctric  flxld  and  cooioi  by  photion  colllslooa  xod  by  Is- 
pacr  lonixatlos.  UDllha  tbo  cxao  lb  pravlotix  sodxla,  tbo 
xobtcooductor  flold  Bood  not  bo  ubifora,  xbd  aaltlatasa 
photkOB  procoaaox  aro  Inoludad.  Hm  aodol  provl4sa  hot 
alactroB  onorty  dlatrlbwtlotta  la  cha  aoBlcooSiMil^  xad  xa 
thay  art  owlttad.  U ohoira  that  tha  soot  prohslla  era- 
Joctory  of  an  awlttod  alaccroe  la  not  ooa  of  asro  eelll- 
alooo  (xo  xoauMxd  la  tha  xnalyBii  of  Tanrey  at  al.M*  hot 
oxx  iBwolwiBg  thx  fSboratloB  of  saxy  optical  pheesaa. 

Tho  Bodal.  uxod  tosathxr  with  photo-xseitad  hot  alactroa 
aoxauraaootx  (xa  dovxlopad  by  Sins  xod  Tu^),  xlao  pro> 
vldxa  xo  xccarxto  aothod  for  datarxialaf  phoaoB  xad  loal- 
xatlofl  aaxo  froo  pacha. 

*Subaittad  by  t.t.  Gardaar 

>J.P.  Vxmy,  at  xl.,  JAP  46,  2612  (1973). 

^T.B.  Mlxf  xad  BN.  Tu,  JAf  45,  537)  (1974). 

f? . IntarrxixtlonalUp  bataaan  lipact  lonlastian  , 
Voloclty  Sxturxti«  caaca^  ftx)caaa  ja  flaJsofiductor 
a lIxiHiov  Katrlx  hodolllaie.li  5ai^s,»d  cTi.Crowoil 
,d  of  loutWaro  Csiiforpla--fet  oarriar  lapxct  ioalxatlon 
(^acrlbod  in  toraa  of  tho  noon  froo  path  Xp  for  optical 
phonon  ocxttorlng,<Cp>,tho  avorxgo  onorpy  Iota  por 
phonon  colllaion  «r.a  Cr^,tho  innixatlon  throahold  obtain- 
od  fron  band  xtrueturo^  )itho  vBloclty-f laid  roixtlonahip 
(characrorlaad  aolaly  by  Xp  xnd  <Cp>)ixnd  tha  aaan  and 
varianca  (l  o Pono  factor)  of  tha  anargy  par  alactren- 
holo  pair  pr^uction  la  tha  cxacada  prooaaa  (which  call- 
bratox  tho  onor|^  dopartdanco  of  tha  lonlaxtioa  waan  fraa 
path  A((C)  in  txraa  of  ip)  xro  oorrolotod  xo  x function 
of  towporxtura  Thia  atwdy  oaoo  x flnito  Plxrkov  chain 
foroxilatLon  bxxad  on  tranoltiaa  aatrioaa  daflAoU  by  thx 
optical  phonon  xad  ionlxxtlon  ooxttorlAg  probxblllt iaa 
la  onargy  xpa<;o.  for  iaotropio  acattarlng  in  noapolar 
aaadoonductora,  thia  approach  faollitataa  paraastric  (ip 
and  ii(E)>  otudlaa  of  both  traaaiant  and  otaady  atata 
tranaport  propartiao  of  tha  hot  carriara.  Sasuita  aro 


in  axoallant  asraoaont  with  xvxllablo  oxporlaontxl  data 
for  Si  and  Go. 

'C.L.  Andorsoo  and  C. R.Crowall.Phyo. Rov.M ,2267( 1972) . 
*Roooarch  o\s>portod  by  U.8.  Ax^  ftoooarch  Offico  va^dor 
Qraat  Bo.  DAAG  29-75-0002. 

PS.  IXactroa  Tritport  id  loaitatloo  in  Slllcoa  at 
BlA  Flalda.  H.P.D.  LAKtOS,  WoroMtar  Polytochatc  la- 
o^Cuta.-  lha  aacuratad  drift  wale^ty  siMurad  for 
alacerdba  at  high  flalda  la  incoaalotaat  with  Shocbloy*a 
aodal  for  lapacC  loaitacloa  la  allicoo.  It  lo  axplxinod 
la  tarsa  of  a flald-dapaodaat  aaan  frao  path  for  hlfh 
aoargy  phaooa  craatlon  la  tha  aiaecrlc  flald  dlraecion, 
alaacress  craaclaf  a high  anargy  pboaoo  ao  aooo  aa  thay 
have  aaqttirad  aafflclaaC  aaargy  froe  cha  flald.  Aaoaalog 
that  tha  alaettca  wavapaakat  travail  at  tha  aaturatad 
drift  vsleclty  without  dlaparaiea,  it  can  ba  ahown  that 
tha  iBcraaaad  ocattarlag  rata  at  high  flalda  auot 
raaulc  la  a iarga  opraxd  la  tha  carrlar  onargy.  If  0 
drlftad  Mxjnrallixn  diatributloa  la  aoouaad,  a ualqua  as- 
praaaloB  can  ba  obtaiaad  for  tha  carrlar  caaparaturo  T* 
vhieh  io  la  good  xgraaaant  with  tha  saxaurad  ftxld 
dapaodanox  of  tho  loalsatioo  coafficlxac.  In  thlo  aodol, 
a cylladrlcxl  hot  carrlar  diatributloa  auat  ba  aooiand 
with  tha  hot  carrlar  aaargy  la  x plxaa  pxrpaadlculxr  to 
tha  appllad  flald.  Exact  cxlculxtloaa  of  tha  aa^ato- 
raalataaco  of  aaoh  a diatributloa  can  ba  axda  varlfylag 
ghat  tha  drift  voloclty  lo  Indaad  aaturatad. 

ff . Clactric  Plaid  Oriantatlon  and  Wxgnitudo  Paoan- 

danoa  of  Blactronlc  Trangltlona  Inducad  by  Hot  Carrlar 
Ispact  ioBisxtioci  in  Soeloonductoco t QaAo.  T.P.  pexssall, 
tes  Thnwaon/esr,  P.  CAPASSO*,  R.S.  HAMOKY,  sail  LXborx- 
torlaoi  Wurexy  Hill.—  Sa  hxva  a»aaurod  tha  iapact  Ioni- 
sation ratao  for  both  alaotronx,  (o),  xnd  holaa  (6),  xo  x 
function  of  alactrlc  flald  at  300*K  for  thraa  principal 
orlantaeiono  of  alactrlc  flald  In  QaAot  <100>,  <110>. 
and  «111>.  ba  xhow  for  tha  flrat  etna  that  tho  lonlxx- 
tlon  rxtao.  ond  aora  apaclflcalty  thalr  ratio  lc«a/6.  can 
dlxplxy  X pronounoad  dapandanco  upon  both  tha  oriantxtion 
and  aagalttida  of  tha  alac^lc  flald.  Our  nxxouranantx 
waro  nxda  for  3x10^  v.on^^^KgslO^  V.cn*^.  tn  thlo  ranga 
K<1  for  • U Cha  <1I1>  « K-1  for  I in  tha  <110>|  and  In 
Cha  <100>,  I<1  for  B<4sl0^  V.cn"^  xnd  K>1  for  t>5Ml0* 
V.an*^.  Y9kaoo  raaulta  can  ba  undaratood  by  conaldaring 
is  dscall  Cha  alactronio  band  atruetura  of  Oaha,  xnd  how 
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It  th«  trM0itlon»  «rlth  ia^ct 

ionisation  by  hot  carriers.  NaaaurMMnta  of  the  t«a|>«ra* 
tma  and  bandoap  dapendanca  of  iapart  ionisation  in  C«aAa 
will  ba  uaad  to  further  clarify  thia  ralationahlp. 
*Par«snant  addraaat  fondaslona  <<UOO  •Drdoni>>«  Koaa* 
Italy. 

no.  ***‘9*1.'^  tUf  fuaiv^t^  in  High  Ila«  tric 

r»wMs  P •KAri^rAnHYAY~«'T>d  B.a,~MJi(;'‘inat.  1>t  Hadio- 
^ysi«s  d'wl  electronics.  IrKlia  *-l*alat,ton  iMtwaan  currant 
ricK  t -jat  Ivins  snJ  diffuaicm  vonafanr  for  oaar-aqui  J ibr I u* 
lOndttions  sucftyasts  that  tha  diffual  in  constant  cannot  ba 
nnifativa.  tn  tha  praawni-a  of  atrony  aia<-tron>alai’tron 
coliiaiona  In  tha  rton-aciui  I Ibr  lia  ^tata  as  in  hot>alac'tron 
lomlitlona,  it  (a.  howrvar.  fou/t4  that  thla  qanetal  laault 
nay  rw>t  ha  valid  arvi  tha  dlffuaitin  onatant  may  ba  naeja- 
r iva  Mai)  had  yivan  a formuia  for  parallal  diffusion  con*' 
slant  ff«  i-hartoakrmjlooical  -onaidarations,  which  explains 
tha  axpar iMantal  raaulta  of  silicon.  It  also  follows  ftniD 
this  forisula  that  under  'attain  conditions  tha  diffusion 
f'oristant  may  ba  na^ativa.  avan  if  tha  dlffarantlal  con' 
ductivity  la  pi>altlva.  0\ls  paper  prsaants  raaults  of  a 
•iatatlad  study  of  tha  I'roblaa  atartinq  froai  tha  ioltsaann 
aquation  and  jalnq  a nusirnt  siathnd.  It  la  found  that  tha 
diffusion  >natant  Is  posltlvs  for  prindominant  acoustic 
l>Aonon,  vs’lar  optical  phonun  or  lapurlty  atoa  actttarlnq. 


Aut  th4i  constant  Asy  ba  neqatlva  wiisn  at  facts  of  non- 
l>arabollclty  are  loportant  and  anarqy  ralaxatinr  is  Hoi- 
iad  by  non'polar  optical  phonon  srattorinq  but  tha  nnaan* 
%uBi  ralaxAttDn  is  donlnatsd  by  iiqpurlty  aton  acattarlrw). 


lapact  Ionisation  of  Shpllca*  Donopa  In  Uar— ntua>. 
« ■mr-Cu«utltlin.  Uiniii*  . — lUt.  .o- 

afficianta  for  phonon  and  ii^^act  procaaaaa«  («>r  qivwn 
alactric  field  t,  are  calculatad  In  the  sf fact Iva-siaun 
approxloation  for  transitions  aaong  dunoi  anatqy  Iwvwlw 
and  between  these  levels  and  tha  conduction  haml,  using 
Atrattnn,  aqutfHiYtltlon,  and  Manwalllan  distribution 
functions  In  tha  bandi  downward  tranaittona  are  tr«ete<t 
explicitly,  without  use  of  detailed  balance.  The  rate 
equations  for  tha  systeai  of  bend  and  donor  levels  are 
aolvad  to  give  an  aquation  for  electron  concentration 
nd)  in  the  bandj  thla  la  intarprstad  tn  teriw  of  the 
concept  of  "aticking  probability",  which  is  thus  clari- 
fied and  astanded.  Tha  affact  of  tha  donor  excited 
ataeaa  la  shown  to  be  algnlflcanti  raglaea  in  which  it 
is  doednant,  sM  In  trhich  it  ran  lead  to  S-braaltdown, 
ara  idahtifiod.  Error  aatlnatas  ara  given,  based  on 
explicit  variation  of  uncertain  donor  pereawtera. 

*Addraas  for  oorraspondancet  Mlldn  16-M03,  Col. 

Juiras,  Hdxico,  i.O.f.,  Mexico. 
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IX.  SUMMARY  OF  PRINCIPLE  ACCOMPLISHMENTS  DURING 


OCTOBER  1,  1976-SEPTEMBER  30,  1977 
Papers  Published 

1.  "Magnetic  Field  Modulation  Technique  for  the  Study  of  Hot 

Carrier  Oscillatory  Magnetoresistance  Phenomena",  H.  Kahlert 
and  D.  G.  Seiler,  Rev.  Sci.  Instrum.  1017  (1977) . 

Papers  Accepted  and  To  Be  Published 

2.  "CO2  Laser-Induced  Hot  Electron  Effects  in  n-InSb" , B.  T. 

Moore,  D.  G.  Seiler,  and  H.  Kahlert,  to  be  published  in  Solid 
State  Electronics,  about  January  1978. 

3.  "Electric  Field  Dependence  of  the  Positions  and  Amplitudes  of 
Magnetophonon  Oscillations  in  n-InSb  at  77K",  H.  Kahlert, 

D.  G.  Seiler,  and  J.  R.  Bar)cer,  to  be  published  in  Solid  State 
Electronics,  about  January,  1978. 

4.  "Observation  of  Magnetophonon  Structure  in  Degenerate  n-InSb", 
H.  Kahlert  and  D.  G.  Seiler,  to  be  published  in  Solid  State 
Communications . 

5.  "The  Magnetophonon  Effect  in  a Nonparabolic  Band:  n-type  InSb" , 
H.  Kahlert,  to  be  published  in  the  Physical  Review. 

Talks  Given  at  American  Physical  Society  Meeting  - March,  1977  in 
San  Diego  (See  Vol.  22,  #3) 

1.  "High  Resolution  Measurements  of  the  Hot-Electron  Magnetophonon 
Effect  in  n-InSb  at  77K",  H.  Kahlert,  D.  G.  Seiler,  and  A.  E. 
Stephens . 
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2.  "Laser-Induced  Hot  Electron  Transport  Effects  in  n-InSb  at  2K" , 

B.  T.  Moore,  D.  G.  Seiler,  and  H.  Kahlert. 

3.  "A  Magnetic  Field  Modulation  Technique  for  the  Study  of  Hot 
Carrier  Oscillatory  Magnetoresistance",  D.  G.  Seiler  and  H.  Kahlert. 

Talks  Given  at  the  International  Conference  on  Hot  Electrons  in 
Semiconductors,  July  6-8,  1977 

4.  "Electric-Field  Dependence  of  the  Positions  and  Amplitudes  of 
Magnetophonon  Oscillations  in  n-InSb  at  77K",  H.  Kahlert,  D.  G. 
Seiler,  and  J.  R.  Barker. 

5.  "CO2  Laser-Induced  Hot  Electron  Effects  in  n-InSb",  B.  T.  Moore, 

D.  G.  Seiler,  and  H.  Kahlert. 

Patent  Activity 

The  process  of  applying  for  a patent  through  ONR  procedures  is 
being  followed  for  the  magnetic  field  modulation  technique  that  was 
discovered  this  year. 


